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Chapter 1 
 
Molecular Nanostructures 
 
1.1 Motivation 
The scientific field of nanostructure science and technology is a broad and 
interdisciplinary area in global research and development activity that has been 
growing explosively in the past years. While an understanding of the range and nature 
of functionalities that can be accessed through nanostructuring is just beginning to 
unfold, its tremendous potential for revolutionizing the ways in which materials and 
products are created is already clear. It is already having a significant impact, and it 
will very certainly have a much greater impact in the future.  Nanomaterials are of 
enormous fundamental interest, both from the point of view of discovering new 
physical phenomena as well as for their exploitation in novel devices. These are the 
reasons why such new nanostructures are to be synthesized and examined with respect 
to their special optical and electronic properties. Nanotubes have a broad spectrum of 
interesting properties, which are relevant for technological applications. They are used 
for field emission and gas storage and are discussed as basic elements for future 
electronic devices in nanoscience and technology. The local one dimensional 
arrangement of the atoms in nanotubes determines their electronic properties such that 
their character can be insulating, semiconducting or metallic. Up to now most of the 
work has been devoted to carbon nanotubes. New nanomaterials like boron-doped 
single wall carbon nanotubes (B-doped SWCNT), multiwall boron nitride nanotubes 
(MWBNNT), boron nitride nanocapsules (BN-nanocapsules) and different silicon 
carbide nanostructures are potential candidates as novel nanomaterial blocks in 
nanoengineering. These materials can be easily produced using carbon nanotubes, one 
of the most fundamental nanostructures, as a frame [1-2]. This is possible thanks to 
their unique physical and chemical properties. In this thesis, the focus is on novel 
heteronanotubes such as boron nitride, silicon carbide and boron doped nanotubes. 
Besides the unique dependence of the electronic properties of the nanotubes on their 
molecular structure, a controlled tailoring of their electron system can be realized by 
functionalisation. This aspect will be investigated in detail and will include typical 
examples for substitution process [3-6].  
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1.2 Single wall carbon nanotubes 
Carbon nanotubes can exhibit two kinds of structures: single wall carbon 
nanotubes (SWCNT) which is a one dimensional concentric system with a diameter of 
about 0.8 - 4 nm and formed by rolling a single graphene sheet into a single tube 
(Fig. 1.1 a, b), and  multiwall carbon nanotubes composing concentric cylinders with 
an interlayer spacing of about 3.4 Å and diameters of the order of 10 - 20 nm 
(Fig. 1.1 c) 
 
 
 
 
 
 
 
In addition to the numerous and unique properties of carbon nanotubes, they can be a 
great starting material for the formation of a new class of nanostructures (viz. 
heteronanotubes). Their successful use to this end is presented in detail in the 
following chapters of this thesis. Firstly, a short introduction to the electronic, optical 
properties as well production methods and the purification process of carbon 
nanotubes is presented.  
1.2.1 Electronic and optical properties 
A single-wall nanotube is a rolled-up sheet of graphene, which can be metallic or 
semiconducting depending on its chiral vector (n, m), where n and m is a pair of 
integers. The scheme of the SWCNT structure is presented in Fig. 1.2 as a graphitic 
honeycomb lattice. The rule is that a metallic or a semiconducting nanotube is 
obtained when the difference n-m is or is not a multiple of 3, respectively. To specify 
the structure of the tube the vector OA is used. The direction of OA indicates the 
circumference since, when a graphitic honeycomb lattice is rolled up in the way that 
a 
b 
c 
Fig. 1.1 Schematic view of SWCNT (a) and transmission electron 
microscopy images of SWCNT (b) and MWCNT (c). 
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points O and A coincide, a model of a nanotube is formed (Fig. 1.2). The vector OA 
defines the chiral vector C (Hamada vector) [7], which is expressed by the real space 
unit vectors a1 and a2 of the hexagonal lattice: 
 
 
 
 
 
 
 
 
 
 
The Hamada vector can be useful to calculate the diameter of the single tube d, 
according to the equation 1.2 (where L is the circumference): 
where : 
a-lattice constant of the honeycomb lattice, a =2.49Å 
 
0a -nearest-neighbour C-C distance 
The angle between the Hamada vector and the basic vector a1 is termed the chiral 
angle θ, which can be easily calculated according to the equation: 
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Fig. 1.2 Graphical representation of Hamada vector. 
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When the integers n, m and chiral angle θ are known the three types of SWCNT can 
be defined: 
1) armchair nanotubes for n=m (viz. C=(n,n)) and  θ=30°, 
2) zigzag nanotubes for m=0 (viz. C=(n,0)) and θ=0°, 
3) chiral nanotubes for all other cases. 
 
The schemes of these three kinds of nanotubes are projected in fig. 1.3 for (5,5) 
armchair, (9,0) zigzag, and (10, 5) chiral nanotubes, respectively from top to bottom. 
 
 
 
 
Depending on the structure of the carbon nanotubes they can behave like 1D metals or 
semiconductors. This unusual behaviour follows from the unique band structure of a 
graphene sheet. It is a semimetal with a vanishing gap at the corners of the first 
Brillouin zone (BZ) where the π  and π* orbitals are touching each other at the six 
points of the first Brollioun zone (see Fig. 1.4) [9]. These states are filled with 
electrons that have the highest energy (Fermi energy).  
 
 
 
 
 
Fig. 1.3 Schematic structure of 
three types of SWCNT, (5,5) 
armchair, (9,0) zigzag, and 
(10,5) chiral nanotubes from top 
to bottom [8]. 
Fig. 1.4 Schematic illustration 
of the first Brillouin zone 
corresponding to the two-
dimensional graphite lattice. 
The high symmetry points K, 
M, Γ are indicating. 
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The electronic structure of carbon nanotubes can be calculated from a simple tight-
binding (TB) approximation of the band structure of a graphite sheet. Each carbon 
atom possesses four valence electrons: three σ electrons and one π  electron. σ 
electrons relate to strong atomic covalent interaction and so determine the mechanical 
properties whereas the more loosely bound π-electrons determine the optical, 
electronic and transport properties. The interaction/hybridisation and structure lead to 
the dispersion relation (Fig. 1.5, left and middle panels) and the density of states (van 
Hove singularities - vHS) for armchair and zigzag nanotubes (Fig. 1.5, right top and 
bottom panels).  For the armchair nanotubes one can easily notice that they are always 
metallic because the sub-band is always aligned with a special K point. For the special 
case SWCNT (10, 10) there are eleven dispersion relations for the valence band and 
an equal number for the conduction band. Some zigzag nanotubes are metallic, whilst 
other zigzag nanotubes (e.g. SWCNT (17, 0)) have a clear gap and the electronic 
states never cross the K point in reciprocal space resulting in semiconducting 
behaviour (Fig. 1.5, middle and bottom right panel). 
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In Fig. 1.6 the strong correlation between structure, chirality and the electronic 
properties of the carbon nanotubes are revealed. The electronic states of infinitely 
long nanotubes are represented by the vertical and parallel lines in k space, continuous 
along the tube axis and quantized along the circumference. For a particular SWCNT 
(n,m) the vertical states pass through a K point of the first Brillouin zone, where the π  
and π* energy bands of 2D graphite are degenerate. Then the 1D nanotubes have a 
zero band gap. The density of states at the Fermi level has a finite value for these 
nanotubes, and therefore they are metallic. In Fig. 1.6 an example of an armchair 
nanotube is plotted, where the center- line crosses two corners of the hexagon, 
suggesting that the armchair nanotubes are always metallic. In contrast to this case, 
Fig. 1.6 b shows that when n-m is not multiple of three the electronic states miss the 
0
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Fig. 1.5 Dispersion relation (left and middle panel) and DOS (right) for the 
armchair (10,10) and zigzag (17,0) tubes from tight-binding approximation [8]. 
(10, 10) (17, 0) 
(17, 0) 
(10, 10) 
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corner points (K) and the nanotubes are semiconducting. For all other cases only 
certain lines cross the corner points resulting in metallic behaviour (Fig. 1.6 c). 
  
 
 
 
 
 
 
 
 
.  
1.2.2 Production methods  
The classic method for growing carbon nanotubes is through an electric arc 
discharge [2, 11-13]. Two graphite rods, one acting as an anode and one  as a cathode, 
are placed close together in an inert gas environment. A current is passed between the 
two rods forming a hot, bright electrical arc that vaporises carbon from the anode and 
generates a plasma of carbon and inert gas e.g. helium (Fig. 1.7). The carbon from the 
plasma condenses on the cathode to form carbon nanotubes. The presence of an 
electric field in the arc discharge method seems to promote the growth of longer 
tubes. The as-produced multiwalled carbon nanotubes can be up to 10µm long and the 
diameter is in the range between 5-30 nm.  It is also possible to grow SWCNT using 
the arc discharge method, but the use of catalyst particles is required.  Journet and co-
workers optimized the synthesis of SWCNT (ref. 13) and according to their results the 
diameter of single walled tubes was about 1.2-1.5 nm. 
 
 
 
 
 
A very important technique from the point of view of this thesis is the laser ablation 
technique [14-16].  The as-produced soot that was used the starting material in all the 
 
cathode anode
growing nanotubes
-
electrode connections
+
electrode connections
Fig. 1.7 Simplified sheme of 
arc-discharge technique (after 
Ref. [12] 
a) b) c) 
Fig. 1.6 Schematic illustration of the first Brillouin zone of a graphene sheet in 
reciprocal space where the parallel lines represent some electronic states of the 
armchair metallic nanotube (a), zigzag semiconducting nanotube (b) and other 
metallic nanotubes (c). 
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experiments discussed here. In 1996, Richard Smalley first reported this technique as 
a way to synthesise SWCNT [14]. Instead of an arc discharge, a laser was used to 
form a carbon vapour from a heated (1200°C) graphite rod. A carrier gas like helium, 
nitrogen or argon carries the carbon vapour from the 1200°C graphite rod to a water-
cooled collector where the carbon vapour condenses to form SWCNT.  
 
 
 
 
 
 
A representation of the laser ablation is presented in the Fig. 1.8. The graphite target 
can be mixed with catalyst particles like Co, Ni, Fe, Ti, Mn, Cu in order to optimize 
the yield and the quality of the as-produced material (raw material). Other varieties of 
process parameters (oven temperature, the kind of carrier gas or the rate of gas flow) 
were also used to produce SWCNT with different diameters. A characteristic property 
of the material produced by this method is the formation of the bundles of SWCNT. 
The bundle (rope) of SWCNT is simply a group of tens of the individual nanotubes 
closely packed, which are held together via van der Waals interactions. Typical sizes 
the ropes are 10 - 20 nm and about one-tenth of a millimetre long. The mean diameter 
of a single tube is in the range between 1-1.6 nm with a diameter distribution of 
0.3 nm. 
Another method to produce carbon nanotubes is via chemical vapour deposition 
(CVD) of hydrocarbon gases (Fig. 1.9). As a catalyst for the carbon nanotubes growth 
by CVD, transition metals like Co, Ni, Fe and their mixture with another metals (Al, 
W, Mo, etc.) can be used. The formation of the tubes occurs as a result of thermal 
decomposition of a carbon-containing gas on the catalyst surface.  Typical carbon 
source (precursors) can be methane [17], acetylene [18], benzene [19] or polyethylene 
[20]. This method was successfully adapted to the production of MWCNT [19-21] as 
well as SWCNT [22, 23]. Two possible growth modes (tip-growth or based-growth) 
are possible [21, 24]. 
 
 
 
 
oven
laser beam carrier gas graphite target growing nanotubes collector
Fig. 1.8 Schematic set-up of the laser ablation process. 
furnace
carrier 
gas 
inlet
quartz 
tube
sample
 
Fig. 1.9 Illustration of the 
CVD technique 
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The growing interest in the CVD process lies in the greater possibilities of this 
method, namely, the formation of more individual SWCNT and also aligned SWCNT 
[25] or aligned MWCNT with controlled diameter and length [21, 23]. Recently a 
very interesting CVD production method for SWCNT containing very few amorphous 
species was established.  This is the high pressure carbon monoxide decomposition 
(HiPCO) [26]; a thermal decomposition of iron pentacarbonyl in a high pressure flow 
of CO (1-10 atm) at 800 ~ 1200°C. 
There are also other production methods of carbon nanotubes, which are not as well 
developed above methods, but are worth a mention. These are [27]: 
• Solar energy – the method uses the highly concentrated sunlight from a solar 
furnace to focus it on a graphite target and vaporizes the carbon [28], 
• Electrolysis – the main idea of this method is to produce nanotubes by passing 
an electric current in a molten ionic salt between graphite electrodes [29], 
• Synthesis from bulk polymers – uses the polymers mainly containing carbon, 
and the bonds between the carbons are broken by thermal treatment enabling 
carbon nanotube formation[30],  
• Low-temperature solid pyrolysis – carbon nanotubes are produced by 
conventional pyrolysis of refractory metastable carbon-containing compounds 
in a graphite oven at high temperature (1200 ~ 1900° C) [31], 
• In situ catalysis – this method allows the production in situ of SWCNT and 
MWCNT in a composite powder [32]. 
 
1.2.3 Characterization of carbon nanotubes regarding diameter, diameter 
distribution and purity 
The as-produced nanotubes soot still contains a large amount of impurities 
such as graphite, amorphous carbon, fullerenes and catalytic metal particles. The 
impurities cause a serious impediment for their detailed characterisation and 
application thus, they should be purified for better physical and chemical processing. 
The main techniques applied for the purification of carbon nanotubes are [33-38]: 
• Structure selective separation: 
- oxidation of by-products, 
- gravimetric separation, 
- sedimentation from surfactant solutions. 
• Size selective separation: 
- filtration, 
- size exclusion chromatography. 
An initial stage in the characterisation of the bulk as-produced and purified SWCNT 
is the estimation of their diameter and diameter distribution. Among many bulk 
sensitive instruments to provide these data, are x-ray diffraction (XRD) [39, 40], 
electron diffraction, neutron diffraction, UV-Vis spectroscopy [16, 41, 42] and Raman 
spectroscopy [43-44].   
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From the pattern of XRD, electron diffraction and neutron diffraction the diameter 
and diameter distribution can be estimated, but these methods are not sensitive to any 
non-bundled SWCNT. Therefore, the results are not as reliable as other methods for 
samples containing significant amounts of individual carbon nanotubes.  
Based on the so-called RBM mode (radial breathing mode) of nanotubes, which is 
present in Raman spectrum of SWCNT, it is possible to estimate the diameter and 
diameter distribution as well as the size of the nanotubes bundles [43]. The RBM is 
located around 200 cm-1 and from the simple equation C/d + 14 cm-1 (latter term due 
to intertube interaction) the energy can be calculated, where d is a diameter of the 
nanotubes and C = 234 cm-1nm   is the constant determined from an ab initio 
calculations [45].  
The optical absorption spectrum (in the UV-Vis energy range) is another powerful 
means to characterise the diameter and diameter distribution of the bulk sample. 
Interestingly, this spectroscopic method is also useful to determine sample purity. In 
the energy range between 0.5 ~ 2.75 eV three well pronounced peaks are observed. 
Fig. 1.10 presents a typical UV-Vis response of the SWCNT before background 
subtraction. The first two peaks (Es11, Es22), from low to high energies, are related to 
the transitions between DOS van Hove singularities in semiconducting nanotubes and 
the third (Em11) to metallic nanotubes. 
 
 
 
 
 
 
 
 
 
 
 
 
The same spectrum after subtracting the contributions from the high-energy interband 
transitions is presented in the left panel of Fig. 1.11 and shows the peaks 
corresponding to transitions between van Hove singularities in DOS for 
semiconducting and metallic nanotubes (right panel of Fig. 1.11) [46]. 
Fig. 1.10 UV-Vis spectrum of SWCNT before background subtraction, where Es11, 
Es22 correspond to the transitions for the semiconducting tubes and Em11 
corresponds to the transition between the metallic nanotubes. 
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Following the van Hove singularities, the optical transitions in SWCNT are also 
inversely proportional to the nanotubes diameter and under the assumption of a 
Gaussian distribut ion give access to the diameter distribution [46]. The profile of the 
Es22 and  Em11 features in the SWCNT spectrum provide suitable data from which to 
determine the mean diameter and the diameter distribution of the investigated 
SWCNT from a direct simulation of the absorption spectra after subtracting the 
background through tight binding (TB) calculations. Using the assumptions described 
below, this approach contains only the SWCNT mean diameter and diameter 
distribution as freely adjustable parameters. 
The assumptions underlying the analysis routine are as follows: 
(a) if present in the sample, all SWCNT in the vector map give the same 
contribution to the overall optical absorption. This is tantamount to saying that 
the transition matrix element is independent of the SWCNT chirality or 
diameter. 
(b) The absorption intensity is dominated by transitions between pairs of 
corresponding van Hove singularities in the SWCNT DOS (e.g., E11 and not 
E12), and the broadening due, for example, to lifetime effects is also 
independent of chirality and diameter. 
(c) The SWCNT in the sample have a Gaussian distribution of diameters. 
(d) The tight binding overlap integral γo is independent of the chirality or 
diameter. 
 
 
 
 
 
 
 
 
 
 
 
Now, the relation between the energy and the diameter can be presented in following 
equations: 
  Es11 = 2a0γ0/d, 
Fig. 1.11 UV-Vis spectrum of SWCNT (left panel) from the experimental 
data (black curve) and simulated data (green, blue and red curves)  and 
corresponding transition between DOS van Hove singularities in the carbon 
nanotubes (right panel). 
1.5 
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Es22 = 4a0γ0/d, 
Em11 = 6a0γ0/d, 
where, a0 – C-C distance in graphite (1.42 Å), γ0 - tight binding overlap integral 
(3 eV) [16, 40], and d – diameter of SWCNT. 
Additionally, useful information can be derived from the first semiconducting peak, 
viz.  the purity of the sample. The cleanliness of the sample is determined by the area 
under the first interband transition between van Hove singularities in the density of 
state of semiconducting nanotubes [16].  
 
1.3 SWCNT- a template for new molecular nanostructures 
Novel molecular nanostructures such as boron nitride nanotubes and 
nanocapsules, silicon carbide nanorods and nanotubes, and boron doped nanotubes 
can be produced using SWCNT as a template. The idea and growing interest in these 
nanomaterials to investigate them in detail can be easily explained by their potential 
application in nanotechnology. The tailoring of the chemical composition of the 
carbon nanotubes can modify the electronic properties of the bulk sample, which is 
then electronically homogeneous. 
1.3.1 Multiwall boron nitride nanotubes (MWBNNT) and nanocapsules (BN-  
nanocapsules) 
The existence of the metastable allotropic form of hexagonal boron nitride 
nanotubes was proposed using tight-binding calculations by Rubio et al. [47] on the 
basis of the similarities between the lattice structure and bonding length of graphite 
and hexagonal boron nitride (h-BN). A graphical illustration of h-BN sheets and BN 
nanotubes are shown in Fig. 1.12 and 1.13, respectively (a detailed structure analysis 
will be performed in the next chapter). The curved structure of this material was 
predicted to have a large band gap leading to promising potential uses in blue and 
violet photoluminescence devices [48]. 
 
 
 
 
 
 
 
Fig. 1.12 Scheme of h-BN 
lattice structure (blue dots –
nitrogen, green dots – boron). 
1.6 
1.7 
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During the last years BN nanotubes have been fabricated using different methods, 
among them arc discharge method [49, 50], substitution route [3], chemical vapour 
deposition (CVD) [51] and also laser ablation [52]. Excluding the substitution 
process, all above mentioned methods are analogous to carbon nanotube production 
methods. The substitution route is based on a simple substitution of carbon atoms by 
boron and nitrogen in a graphitic network, using MWCNT as a starting material, B2O3 
as a boron source and nitrogen as a carrier gas and a source of nitrogen atoms. As-
produced bulk BNNT are insulating independent of their atomic structure [53]. In this 
kind of material the problem of having in the bulk sample a mixture of 
semiconducting and metallic nanotubes is avoided [54].  
Simple tight-binding calculations [47] predict a direct band gap for zigzag (n,0) BN 
nanotubes and an indirect gap for armchair (n,n) nanotubes in contrast to SWCNT, 
where the chirality defines the metallic or semiconducting character of the tube. The 
same band-structure calculations [47, 53] showed that BN nanotubes have a band-gap 
dependence on the diameter of the tube, which is stronger in the case of zigzag tubes. 
Moreover, it was also predicted that the band gap of the large diameter BN nanotubes 
shows only little dependence on the chirality [47, 53]. Minimal lattice energy 
calculations suggest that the most favourable chirality for BN nanotubes is zigzag, 
although electron diffraction measurements of multiwall BN nanotubes evidence the 
presence of armchair chirality in a proportion larger than 15 % [55, 56].   
Concentric shell carbon clusters, also referred to as carbon onions, were first 
discovered by Ugarte [57] in 1992. Due to the structural similarity of h-BN and 
graphite, the formation of concentric shell BN nanostructures  (see Fig. 1.14) 
(spherical clusters with incomplete closed shells, encapsulated polyhedral BN 
nanoparticles or BN onions and nested BN fullerenes) came as no surprise [58-64]. 
These nanostructures have been synthesized by various techniques, namely, by 
carbothermal reduction of ultra dispersed amorphous boron oxide in the presence of 
nitrogen [63], intense electron irradiation in transmission electron microscopes using 
different reactants [60, 62], polymer pyrolysis, chemical reaction, arc-melting and 
electron-beam irradiation [64]. However, thus far, with all of these methods, BN 
nanocapsules are only present as one or a few among many BN species, for example 
h-BN sheets and BNNT. The substitution reaction of carbon nanotubes used for the 
production of diverse heteronanotubes  [3-6] is also a suitable method to obtain 
fullerene like BN nanostructures here referred to as ”nanocapsules” and will be 
presented in this thesis. 
Fig. 1.13 Scheme of BN-nanotube 
structure (blue dots – nitrogen, 
green dots – boron). 
12 
                                                                                                                                                                                       
 
 
 
 
 
 
 
1.3.2 Boron doped single wall carbon nanotubes (B-doped SWCNT) 
Recently, the synthesis of boron incorporation in MWCNT by different 
procedures like pyrolysis of polymer precursors, bias assisted hot-filament CVD, arc 
discharge or substitution process [4, 5, 65, 66, 67] has been carried out. The first high 
doping level of boron in SWCNT was successfully performed by Golberg et al. [5] 
presented and confirmed on local scale. This chemical modification of SWCNT is 
expected to engineer their electronic properties, thus increasing their potent ial for 
applications in nanoelectronic devices [68]. The scheme of the B doped SWCNT is 
presented in Fig. 1.15. 
 
 
 
 
 
 
 
The role of boron atoms in the band-structure of the modified compound has 
been investigated through different theoretical approaches. Already in the eighties 
Mele et al. [69] proposed a rigid band shift model to explain the role of boron 
substitution in graphite. Yi et al.  [70] reported on the formation of a shallow acceptor 
state at 0.16 eV above the top of the valence bands derived mostly from the valence 
bands as expected for such an acceptor level. Carroll et al. [67] proposed that boron 
substitution in SWCNT led to the formation of BC3 nanodomains inserted in the 1D 
nanotubes structure, giving rise to an acceptor-like state at 0.4 eV very near the Fermi 
level due to the realignment of these superstructures with the graphitic ones.  
Fig. 1.14 Cross section of the 
schematic illustration BN-
nanocapsule. 
Fig. 1.15 Schematic illustration of boron incorporation into SWCNT walls. The 
red points represent boron atoms and the grey points- carbon atoms. 
13 
                                                                                                                                                                                       
Despite the considerable interest in these 1D heteronanostructures, only few 
experimental papers have reported on their chemical and band-structure properties, 
and mainly only on a local scale (some few nanometers squared), and barely on 
SWCNT. For instance, it was suggested that the local environment of B in SWCNT is 
likely sp2 as in the case of h-BN [5]. It was also claimed that the local environment of 
B in MWCNT was similar to that of B4C [4]. In both cases, the energy resolution was 
insufficient to provide precise information on the chemical state of the atoms 
involved. 
1.3.3 Silicon carbide nanostructures 
Great hopes exist for SiC nanostructures due to their applications potential such 
as nanosensors and nanodevices operable at high temperature, high frequency and 
high power [71, 72]. Another potential use is as a support material in the catalysis 
field [73]. However, the production of SiC nanotubes remains a challenge, not least 
due to the numerous polytypes for SiC. These polytypes are orientational sequences 
by which the layers of tetrahedrally bonded C and Si atoms are stacked. Successive 
layers of these tetrahedra may be stacked in one of two orientations but with many 
possible sequential combinations, each representing a different crystal polytype. Thus, 
SiC does not form a hexagonal structure such as graphite or h-BN making the 
formation of SiC nanotubes more complicated and are less likely to be of a pseudo 
one dimensional nature. None-the- less, the synthesis of tubular SiC structures with 
nanometer scaling has been shown to be possible through two techniques; shape 
memory synthesis [74-76], and template synthesis [77]. Fig. 1.16 shows the SiC 
nanotubes prepared by the synthesis according to ref. [77]. 
 
 
 
 
 
 
 
 
 
Scientists have been much more successful in the production of siliconcarbide 
nanorods through different procedures like catalyst-assisted pyrolysis of polymeric 
precursor [78] (see Fig. 1.17), by rapid thermal process [79] (see Fig. 1.18) and by 
structural transformation of carbon nanotubes to silicon carbide nanorods [ 80]. 
 
 
Fig. 1.16 Transmission electron microscope image of SiC nanobamboo, 200 
nm in diameter. Center: Scanning electron microscope image of chemical-
vapor-deposition-template SiCNT, 200 nm in diameter. Right: Transmission 
electron microscope image of chemical-vapor-deposition-template SiCNT, 
demonstrating thin, uniform walls (after ref. [77]). 
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1.4 Aim and scope 
The aim of this thesis is the synthesis and spectroscopic characterisation of novel 
nanomateria ls (described in section 1.3) using SWCNT as a frame. To obtain a better 
understanding of the structural, optical and electronic properties of these structures 
several techniques were used. Important input to the new nanomaterials scientific 
field is the use of bulk and local scale sensitive methods. Thus, a comparison of both 
scales was possible. The local scale sensitive tool used was transmission electron 
microscopy with electron energy-loss spectroscopy (TEM-EELS) and bulk scale 
sensitive tools were: high-resolution electron energy- loss spectroscopy (EELS), 
optical absorption spectroscopy (OAS) in the ultraviolet-visible (UV-Vis) and 
infrared (IR) energy range. In addition, in some cases scanning electron microscopy 
(SEM) images and Raman spectroscopy have also been applied. 
The massive and ever growing interest in carbon nanotubes (CNT) has and is 
stimulating the synthesis of various molecular CNT. In part, this interest lies in the 
control or isolation of their mix in basic electronic properties, namely their metallic 
(B-doped SWCNT), semiconducting or insulating properties (MWBNNT, SiC 
nanostructures), so as to provide a more uniform resultant material. To this end, a 
well- investigated means to achieve control of their electronic properties is through 
electron or atomic doping. In these studies, the synthesis methods used have been 
successful in producing pseudo one-dimensional systems and novel nanostructures. 
The detailed characterisation routes have provided new and important information in 
this active and exciting area of science. 
 
 
 
 
Fig. 1.17 SEM image of SiC 
nanorods after Ref. [78]. 
Fig. 1.18 TEM image of SiC 
nanorods after Ref. [79]. 
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Chapter 2 
Experimental techniques 
2.1 Methods 
2.1.1 Optical absorption spectroscopy 
 In this section, the basics of optical absorption in the UV-Vis and IR spectral 
range as well as the experimental set-up of the Fourier transform optical spectrometer 
will be briefly described. 
A molecule can absorb an incident photon and then the photon energy is converted 
into an excitation of that molecule's electronic degrees of freedom. This type of 
interaction is sensitive to the internal structure of the molecule, since the laws of 
quantum mechanics only allow for the existence of a limited number of excited states 
of the electronic system of any given chemical species. Each of these excited states 
has a defined energy; the absorption of the photon has to bridge the energy gap 
between the ground state (lowest energy state) and an allowed excited state. 
Molecules can therefore be identified by their absorption spectrum: their wavelength-
dependent capacity for absorbing photons depends on the energy spacing of the states 
of their electronic structure. 
There are several types of electronic transitions available to a molecule including 
σ→σ*, π→π*, η→σ*, and η→π* (see Fig. 2.1), where σ, π  and σ*, π* are bonding 
and antibonding orbitals in the ground and excited states, respectively. η is the 
nonbonding orbital. 
 
 
 
 
 
 
Transitions from the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO) require the least amount of energy and are 
therefore usually the most important. Not all transitions that are possible will be 
Fig. 2.1 The scheme 
of some possible 
electronic transitions 
in the molecule. 
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observed. Some electronic transitions are "forbidden" by certain selection rules. 
However, even forbidden transitions can sometimes be observed (e.g. due to defects 
the geometry is broken), but these are usually not very intense.  
Absorption of radiation in the infrared energy region by a typical molecule results in 
the excitation of vibrational, rotational and bending modes, while the molecule itself 
remains in its electronic ground state. Since IR absorptions are optical excitations, 
dipole selection rules apply and hence a change in the orbital moment l by +/-1 is 
required. Therefore, total symmetric modes in fully symmetric molecules do not 
display an IR absorbance and only the part of the asymmetric stretching or bending 
transitions satisfying this selection rule have a strong IR response. When the 
electronic cloud of a molecule is excited (after the absorption of one photon), the local 
p-electron density is changed, which means that the geometry of the molecule, in 
particular the distances between the atoms, is slightly changed. This leads to coupling 
of the electronic excitation with vibrations. Therefore, absorption leads to an 
electronic transition accompanied by a series of vibronic bands where 0, 1, 2, etc. 
vibration quanta are created along with the electronic excitation. 
 
 
 
 
 
  
 
 
Fig. 2.2 shows potential energy curves for this vibration of the atoms in the ground 
and first excited state of the electron cloud, as a function of a vibration coordinate. 
Absorption induces transitions between levels, as indicated by the arrows. 
In Fourier transform optical spectroscopy  the entire frequency range of interest is 
passed simultaneously through an interferometer, which produces an output signal 
containing all these frequencies. The quantitative way in which the signal varies is 
called an interferogram. From the interferogram, the single channel spectrum as a 
function of frequency is obtained by Fourier transformation. The intensity of the total 
light at the detector given by the interference can be written as: 
( ) ( ) ( )∫
+∞
∞−
= ,2cos0 dxxPP x νπν  
0
0
1
1
2
2
0-0 0-1
Vibration coordinate
Q
energy
S0
S1
Fig. 2.2 Potential energy curve as a 
function of a vibration coordinate. 
2.1 
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where ( )ν0P  is the intensity of the source at frequency ν  (in cm
-1), x is the mirror 
displacement (in cm), and the summation is over all frequencies reaching the detector. 
The Fourier transformation yields a single channel spectrum as a function of 
frequency, which is then given by: 
 ( ) ( ) ( )∫
+∞
∞−
= .2cos dxxPP x νπν  
In order to obtain a transmittance spectrum, three steps are necessary. First, a single 
channel reference (or background) spectrum is required to show the characteristics of 
the light source, beam splitter sensitivity, and detector. Second, a single channel 
sample spectrum is measured, which looks similar to the single channel reference 
spectrum but has less intensity at those wave numbers where the sample absorbs. 
Finally, the final transmittance spectrum is defined as the ratio of the single channel 
sample spectrum and the single channel reference spectrum. Fourier transform 
spectroscopy as a type of the absorption spectroscopy follows the Lambert-Beer law. 
The intensity of the light measure behind a sample is related to the intensity in front of 
the sample according to the following relation: 
 ( ) ( ) ( )[ ]lII ⋅−= ναν ν exp0  
The parameters involved are the effective thickness l of the sample and the absorption 
coefficient ( )να , which is specific for each compound. In the measurements, 0I  
represents the case where there is no sample, i.e., the background or reference 
spectrum. I  is the  sample spectrum. Besides the transmission spectrum convention, 
there is also the corresponding absorption spectrum convention simply obtained by 
taking the logarithm of equation 2.3. 
A sketch of a Fourier transform optical spectrometer is presented in Fig. 2.3. The light 
is analyzed by a scanning Michelson interferometer, which is the crucial part of the 
spectrometer. It consists of a moving mirror, a fixed mirror, and a beam splitter. The 
light from a white light source is reflected and collimated by a mirror to become 
parallel. Then the resulting parallel light is directed to the Michelson interferometer 
and is divided by the beam splitter. One part of the split light is passed to the fixed 
mirror and another part is reflected to the moving mirror. After reflection, the two 
beams recombine at the beam splitter. In the next step, the reflection passes through 
the sample compartment and then focused on a detector. The interference signal 
between the two pass ways is sampled at the detector. A calibrated laser controls both 
the sampling rate and the mirror velocity. By using different light sources, beam 
splitters, and detectors, the optical spectrum can be recorded over a wide energy range 
from the far infrared up to the ultraviolet region of the electromagnetic spectrum. 
 
 
 
2.2 
2.3 
18 
                                                                                                                                                                                       
 
 
 
 
 
 
 
 
 
 
In this thesis all optical spectra were measured with a commercial IFS113V Bruker 
spectrometer with UV-extension and a maximum resolution of 0.06 / 0.5 cm-1 under 
pressures below 4 mbar. 
2.1.2 Electron energy-loss spectroscopy in transmission 
The use of electrons as a probe of the atomic and electronic structure of solids 
has big advantages. One of the experimental methods which provides information on 
the electronic structure of solids is electron energy- loss spectroscopy  (EELS) in 
transmission. The incident electrons (170 keV) are transmitted through a 1000 Å thick 
specimen.  
 
 
 
 
 
 
 
 
In this sense the method is not only surface sensitive. Primary electrons 
scattered by the solid  are detected, together with their energy- loss associated to 
Fig. 2.3 Sketch of the Fourier transform optical spectrometer. 
1000Å
e-
e-
e-
E0,k0
E0-∆E, k0-q
q
θ
EF
 
EF
 
Fig. 2.4 Schematic illustration of the possible electronic excitations and 
the geometry of scattered electrons (middle panel). 
core excitation valence band 
excitation 
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excitation energies in the solid. The possible excitations and the scattering geometry 
are presented in Fig. 2.4. The incident electron beam with energy E0 and momentum 
transfer 0k
r
 impinges on the sample. Then, the electrons with energy Es  are scattered 
by a finite angle (θ) which corresponds to a final momentum transfer sk
r
to the sample. 
These electrons are analysed with respect to their energy and momentum transfer.   
An energy spectrum of the scattered electrons reveals how much energy the electrons 
have lost to excitations, according to the formulas: 
00 EEEE s <<=−=∆ νh , 
and momentum change:  
,0 qkk s
rrr
=− where 0kq
rr
<< . 
 
From energy and momentum conservation, it can be found: 
 q⊥  ≅  k0sinθ ≅ k0θ,          q?? = k0 * νh /2E0 
,q 22 IIqq += ⊥  
    where:    
The angle θ is a useful value for the estimation of the total transferred momentum. 
For the valence band excitations and finite scattering angles, νh /2E0 << θ, and q?? can 
be neglected and therefore: 
 ≈q  q⊥  .0θk≈  
EELS is based on an inelastic scattering process, and all relationships regarding 
conservation of energy and momentum are valid. There is independent access to 
energy transfer and momentum transfer. The scattering cross section is defined as the 
number of electrons observed per unit of time, solid angle and energy interval for a 
given incident intensity.  This value is proportional to the dynamic structure factor 
).,( ωqS
r
 This factor can provide information on the spatial extension and the 
dispersion of the electronic excitations via momentum dependent measurements [81-
84]. According to Ref. [84] the scattering cross section is: 
2.6 
2.7 
q⊥  and q?? are momentum transfers perpendicular and parallel to the incoming 
electron beam. 
2.8 
2.4 
2.5 
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where (dσ/dΩ)el is the cross section of an elastic scattering process, and the dynamic 
factor S( q
r
,ω ) for the electronic system is: 
S(q
r
,ω ) = ( ) ,,
1
Im2
0
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−
ωε
ε
qe
q
r  
where Im[-1/ε( ω,q
r
) is the macroscopic energy- loss function, and the factor in front 
represents the inverse of the Fourier transform of the  Coulomb interaction. For elastic 
scattering the Rutherford cross section 
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is appropriate, where rB is the Bohr radius. 
The resulting relationship between the cross section and the loss function is: 
( ) .,
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4
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It enables the imaginary part of 1/ε( ω,q
r
) to be determined from the scattering 
experiment. The loss function has the explicit form: 
( )
( )
( ) ( ) ,,,
,
,
1
Im 22 ωεωε
ωε
ωε qq
q
q ir
i rr
r
r
+
=





−  
with εr( ω,q
r
) and ε i( ω,q
r
) being the real and imaginary parts of the dielectric function  
ε( ω,q
r
). The loss function is measured in EELS experiments and gives information on 
the collective excitations of the system, i.e. plasmons. 
For the energies above 50 eV the loss function describes transitions from core levels 
into unoccupied states derived from orbitals of the same atom. These excitations at 
smaller momentum transfer are governed by the dipole selection rule. Thus, for 
instance, excitations from the C 1s core level of a carbon atom will give information 
on the unoccupied C 2p-derived electronic density of states at that site. If the effect of 
the resultant core hole were negligible, this would give a direct measure of the 
transition matrix element weighted site and symmetry specific unoccupied density of 
electronic states. 
Fig. 2.5 is a schematic representation of the site selectivity of the core level excitation 
spectroscopy on the example of the C1s excitation. Left panel: C atom. Right panel 
carbon crystal. 
2.9 
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Core level excitation spectroscopy performed at q=0 follows dipole selection rules 
(e.g. only 1s-2p or 2p, 3d transitions are allowed) and are site selective. In this way as 
shown in Fig. 2.5 e.g. C1s excitation spectroscopy probes the matrix element 
weighted (projection on the C2p levels) π* DOS in the valence band of carbon 
species. Hence, this method allows one to detect element and orbital specific 
excitations enabling the different components of the conduction band of hybrid 
systems from C and other elements to be probed.  
Below that energy (<50 eV), the loss function describes plasmon excitations arising 
from intra- and interband transitions.  From a Kramers-Kronig analysis (KKA) one 
can obtain the real and imaginary parts of the dielectric function i.e., εr( 0ω ) and 
ε i( 0ω ) [84]: 
( ) ( )∫
∞
−
⋅
+=
0
2
0
20
,
2
1 ω
ωω
ωεω
π
ωε dP ir  
( ) ( )∫
∞
−
=
0
2
0
20
2
ω
ωω
ωε
π
ωε dP ri , 
where P represents the principal value of the integral. 
In contrast to optical spectroscopy, which probes only dipole allowed transitions at 
zero momentum transfer one gets access to the momentum dependence (q 
dependence) of the dielectric function. It means that not only vertical transitions can 
be excited but also selection rules and dispersion relations of the collective excitations 
C1s
C2p π*
C1s
σ*
atom carbon nanotube
 
Fig. 2.5 Scheme of the site selectivity of the core level excitation spectroscopy 
on the example of the C1s excitation for the carbon atom and carbon nanotube 
(crystal). 
2.14 
2.15 
22 
                                                                                                                                                                                       
can be examined. With these relationships one component of the dielectric function 
can be calculated step by step if the other component is known [84].  
Fig. 2.6 schematically represents the spectrometer used for EELS in transmission 
[81]. The electrons, which are generated by a hot cathode, are focused with a lens 
system to the entrance slit of an electrostatic hemispherical monochromator. The 
energy resolution of the electron is determined by the kinetic energy of the electrons 
in the monochromator (pass energy). After leaving the monochromator the electrons 
pass through a zoom lens system, which defines the spatial and momentum resolution 
of the electron beam at the sample position. Subsequently the electrons are 
accelerated to 170 keV and cross the sample. Transmitted electrons, which are 
scattered inside the sample with a certain angle, are guided back to the optical axis 
with deflector plates and can be selected according to their momentum transfer. The 
decelerator side of the spectrometer is constructed symmetrical to the accelerator side. 
By applying an additional bias on the accelerator side electrons can be selected, where 
the scattering process has been inelastic. The complete electron path is in ultra high 
vacuum (UHV). 
All spectra of EELS presented in this thesis were measured at the same conditions. 
The energy and momentum resolution was set to 180 meV and 0.03 Å-1, respectively, 
for the electron diffraction and for the low energy- loss function. In the case of the 
core level excitations we used an energy and momentum resolution of 330 meV and 
0.1 Å-1, respectively. The loss function (Im {-1/ε(ω,q)}), which is proportional to the 
dynamic structure factor S(ω,q), has been monitored at different momentum transfers 
q. The probing area of the primary electron beam is about 1 mm2, i.e. the information 
obtained represents an average over a large numbers of nanstructures.  
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Fig. 2.6 Illustration of the experimental setup of the electron energy- loss 
spectrometer at the IFW Dresden. 
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2.1.3 Transmission electron microscopy (TEM) 
 TEM is a unique tool for the characterization of materials, crystal structures 
and microstructure. In a conventional transmission electron microscope, a thin 
specimen is irradiated with an electron beam of uniform current density. Electrons are 
emitted from the electron gun and illuminate the specimen through a two or three 
stage condenser lens system. An Objective lens provides the formation of either 
image or diffraction pattern of the specimen. The electron intensity distribution 
behind the specimen is magnified with a three or four stage lens system and viewed 
on a fluorescent screen. The image can be recorded by direct exposure of a 
photographic emulsion or an image plate or digitally by a CCD camera. The 
acceleration voltage of up to date routine instruments is 120 to 200 kV. Medium-
voltage instruments work at 200-500 kV to provide a better transmission and 
resolution. 
The image of the specimen in conventional microscopy, on the other hand, is formed 
selectively allowing only the transmitted beam (Brigth Field Imaging) (Fig. 2.7) down 
to the microscope column by means of an aperture. The origin of the image contrast is 
the variation of intensities of transmitted and diffracted beams due to the differences 
in diffraction conditions depending on the microstructural features on the electron 
path. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All TEM images presented in this thesis have been taken with a TECNAI F30 (FEI) 
presented in Fig. 2.8 which works with 300 kV accelerator voltage and with a 
resolution of 0.2 nm (230*106 x magnification), the required sample thickness is 10-
100 nm with a diameter of 3 mm. The EELS measurements performed with this 
instrument have an energy resolution about 1 eV and are especially effective for light 
elements like B, C, N and O. 
 
 
 
 
 
 
Fig. 2.7 The schematic 
representation of the 
Bright Field Imaging 
in TEM. 
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2.1.4 Scanning electron microscopy (SEM) 
The combination of high magnification, large depth of focus, great resolution, and 
ease of sample observation makes SEM one of the most heavily used instruments in 
research areas today. The electron beam comes from a filament, made of various 
types of materials. The most common is the Tungsten hairpin gun. This filament is a 
loop of tungsten that functions as the cathode. A voltage is applied to the loop, 
causing it to heat up. The anode, which is positive with respect to the filament, causes 
electrons to accelerate toward the anode. Some electrons accelerate right by the anode 
and on down the column, to the sample. Other examples of filaments are Lanthanum 
Hexaboride filaments and field emission guns. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8 Picture of TEM-EELS 
used for the analysis of all 
samples presented in the thesis. 
 
Fig. 2.9 The image of Leo 
SEM with Gemini column. 
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The scanning microscopy micrographs presented in this thesis was taken with a Leo 
SEM with a Gemini column (see Fig. 2.9).  
The scanning electron microscope generates a beam of electrons in a vacuum. That 
beam is collimated by electromagnetic condenser lenses, focussed by an objective 
lens, and scanned across the surface of the sample by electromagnetic deflection coils. 
The primary imaging method is by collecting secondary electrons that are released by 
the sample. A scintillation material that produces flashes of light from the electrons 
detects the secondary electrons. The light flashes are then detected and amplified by a 
photomultiplier tube. By correlating the sample scan position with the resulting 
signal, an image can be formed that is strikingly similar to what would be seen 
through an optical microscope. The illumination and shadowing show a quite natural-
looking surface topography. 
There are other imaging modes available in the SEM. Specimen current imaging 
using the intensity of the electrical current induced in the specimen by the 
illuminating electron beam can be used to produce an image. It can often be used to 
show subsurface defects. Backscatter imaging uses high energy electrons that emerge 
nearly 180 degrees from the illuminating beam direction. The backscatter electron 
yield is a function of the average atomic number of each point on the sample, and thus 
can give compositional information. 
2.1.5 Raman spectroscopy 
 Raman spectroscopy is based on the analysis of inelastically scattered light. 
Classical scatters are optical phonons but also other excitations in solids like optical 
magnons, plasmons or even electronic excitations provide similar sources for the 
Raman process [84]. 
 Raman scattering comes from a change in the polarisability of molecules (or 
atoms) and the optical phonons are the most often investigated species. In Raman 
scattering the modulation of the response by the vibrations play a very important role. 
For an applied field E(ω )  the polarizability α0 of the orbitals leads to a dipole 
moment PD(ω ) = α0 E(ω )  which acts as a source for the evanescing EM 
(electromagnetic) wave. Under the vibration with frequency Ω the distance between 
the atoms changes periodically and the polarisability will be modulated. The total 
dipole moment will have the form: 
 ( ) ( ) .coscos 010 tEtPD ωααω Ω+=  
Application of trigonometric sum rules yields: 
( ) ( ) ( ) ( )[ ]ttEtEPD Ω−+Ω++= ωωαωαω coscos2/cos 0100  
Depending on whether the phonon is absorbed or emitted, the energy of the scattered 
light is higher (antiStokes scattering) or lower (Stokes scattering) than the energy of 
the incident light. The vibrations are Raman active only when the change of the 
polarizability is induced. The polarizability is changed by the displacement of the 
2.16 
2.17 
26 
                                                                                                                                                                                       
atoms during the vibration. This depends on the mechanical deformation induced in 
the molecule.  
 
 
 
  
 
 
The characterisation of samples presented in this thesis were performed with a 
standard FT-Raman-Spectrometer RFS100(/S) or with FT-Raman microscopy 
FRA106(/S) (Fig. 2.10). The excitation was induced by a Nd:YAG laser (1064 nm). 
The FT-Raman microscope is connected via fibre optic cables to the RFS100(/S). 
 
2.2 What it is the substitution process? 
 The substitution reaction is a powerful process leading to the formation of new 
nanostructures. W. Han et al. [3] have shown that it is a simple and easily accessible 
technique in which carbon nanotubes can be used for the preparation of mass 
quantities of hetero-nanotubes. In this thesis it is demonstrated that carbon nanotubes 
can be used as template for other nanotubes species. The reaction is termed a 
substitution reaction because through this reaction other atoms form new nanotubes 
species by substituting carbon atoms.  
 
 
 
 
 
 
 
 
Measurement 
chamber 
Ramanscope 
Fig. 2.10 Picture of the FT-Raman spectrometer with Ramanscope. 
B,N Substitution
Carbon nanotubes
BNNT
Fig. 2.11 Schematic illustration of 
the substitution process. 
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The substitution process leads to the formation of new nanotubes based on the same 
layer structure and also a similar la ttice constant compared to carbon nanotubes. The 
classical example of this reaction occurs between boron oxide, nitrogen and carbon 
nanotubes at 1500oC which can be expressed by the following formula: 
 B2O3+3C (carbon nanotubes)+N2→2BN(nanotubes)+3CO 
 
It is an example of so-called complete substitution, where the only product is boron 
nitride nanotubes because all the carbon atoms are substituted by nitrogen and boron 
as schematically shown in Fig. 2.11. 
This reaction can be activated through an optimisatio n process using different catalyst 
particles like MoO3 or V2O5 [85]. Both compounds are well known active oxidisers of 
carbon. To date, multiwall boron nitride nanotubes are the best understood and most 
investigated product formed via the substitution process. Therefore, the proposed 
mechanism for the growth process will be discussed on the basis of this material [85]. 
 First, intense simultaneous oxidisers like B2O3 and MoO3, V2O5 open the 
closed nanotubes, according to the reactions: 
 3C+B2O3→2B+3CO 
 3C+MoO3→Mo+3Co 
 5C+V2O5→2V+5CO 
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Fig. 2.12 A sketch showing the edge and side gas attacks in the substitution 
reaction (after Ref. 86). 
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At 1500oC molybdenum oxide exists only in gaseous phase and vanadium oxide in 
liquid and gaseous phase [86]. The open ends let the gas flow inside and outside the 
nanotubes layers which activates the removal of carbon atoms from the tubular sheets 
and furthermore, the incorporation of nitrogen and boron atoms into the graphene 
network. The atomic displacement due to gas attacks and creation of seed BN rings on 
the sides and edges of the tubes is shown in Fig. 2.12. 
Besides the complete substitution reaction there is also the possibility to perform so-
called partial substitution reaction, which leads mostly to B and N-doped carbon 
nanotubes [4, 6, 87]. The reaction equation in this case is (for B-doped CNT): 
 xB2O3+(2+3x)C(nanotubes)→2BxC(nanotubes)+3xCO 
This process leads to the incomplete substitution of the carbon atoms by boron. The 
end product does not contain more than 10 wt% of boron in the graphene network and 
the substituted carbon atoms flow away as CO vapour. 
In the next chapters the synthesis of MWBNNT will be presented but in contrast to 
the original work, with SWCNT as a template (the original work was performed with 
MWCNT). This entails the conversion of SWCNT into MWCNT prior to the 
formation of MWBNNT. In the case of partial substitution for B-doped SWCNT, a 
much higher doping level was achieved than previously reported (up to 20 wt %) and 
local as well as bulk scale spectroscopic characterisation evidence the formation of 
BC3 nanotubes. 
The silicon carbide nanostructures presented in this thesis were produced via a novel 
process, where carbon nanotubes play the role of the carbon source and a kind of 
frame for the growth of new nanomaterials. This can be considered as a classical 
example of the so-called carbon nanotubes - confined reaction proposed by W. Han et 
al. [88, 89]. In his previous work the main idea was the reaction between carbon 
nanotubes and oxygen (i.e. SiO 2): 
 MO(g)+C(nanotubes)→MC(nanorods)+CO, 
Where MO is a volatile metal or nonmetal oxide with a high vapour pressure at the 
desired reaction temperature [90]. In our case there was no need to use any oxides to 
form silicon carbide nanostructures. The proposed growth mechanism and a detailed 
spectroscopic analysis will be presented in the next chapters. 
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Chapter 3 
Optimization of the purification 
process and selective burning of 
SWCNT 
Single wall carbon nanotubes produced by laser ablation were purified and selectively 
O2 treated. In this chapter a comparative study of the different multi-step purification 
attempts will be presented. After optimization of the various purification methods, 
almost all catalyst particles and amorphous carbon in the samples can be removed. 
The chemical treatments and O2 burning lead to a sample consisting of very thin 
SWCNT. The results of the purification effort and selective burning were monitored 
by optical spectroscopy, TEM and atomic absorption spectroscopy (AAS). It was 
found that the oxidation treatment leads to the narrowing of the diameter distribution 
of SWCNT and is therefore an important step towards the selective production of 
SWCNT with a defined diameter on a bulk scale. 
      
3.1 Experimental description of the purification process. 
 
 The SWCNT raw material was produced by the standard laser ablation 
technique (40 wt% SWCNT). The as produced soot still contained catalyst particles 
(atomic absorbtion spectroscopy detected a Ni/Co content of 31 wt%), fullerenes and 
amorphous carbon species [16]. 
Initial purification methods included several different kinds of chemical treatments so 
as to find the most suitable. The main steps used for purification were (Fig. 3.1): 
• chemical treatments: HNO3, HCl, H2O2, H2O, C7H6,   
• cross flow filtration for 6 hours,   
• high vacuum annealing up to 800°C (p<5⋅10-7mbar),  
Another experiment was the selective  burning of SWNT in O2 (1.5 - 5.0⋅10-6 mbar) at 
temperatures of 450 - 600°C.   
For characterization of the soot with optical absorption spectroscopy, a well-sonicated 
sample-acetone mixture was dropped onto a hot quartz plate, which produced a 
homogenous thin film for the optical characterization. The optical absorption 
spectrum was measured from the near- infrared to the ultraviolet region with a spectral  
resolution of 2 cm-1 (0.25 meV).   
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The detailed analysis of the optical absorption spectra of SWCNT with different mean 
diameters is performed within the tight binding (TB) model [46]. The annealing of 
SWNT was performed in a quartz tube evacuated to about 10-8 mbar within a high-
temperature oven. For the burning process, oxygen gas (99.999 % purity) was fed into 
the quartz tube by a leak valve to a partial oxygen pressure up to 10-5 mbar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To determine the metal content remaining in the purified SWCNT by AAS the 
SWCNT were removed by burning away the carbon at 800°C for 2 hours and then 
were analyzed in a solution of HCl. In the purification process the raw material was 
first refluxed in different solutions for each experiment, for example: 43 h in 2 M 
HNO3 , 15 min. in 15 % H2O2, 17 h in H20 (not presented) at a temperature of about 
100°C. Then the solution was neutralized and filtrated for 6 h with cross-flow 
filtration. As a final step, the filtrated sample was annealed in high vacuum conditions 
at 900°C to remove any remaining acids and solvent particles. 
 
3.2 Structural and chemical characterization of purified SWCNT 
  
Atomic absorption spectroscopy showed that the catalyst particles had been 
successfully removed by the purification process (see Tab. 3.1). This can be also 
observed on local scale in the TEM pictures where one can observe empty shells due 
to metal removal as is shown in Fig. 3.2. Atomic absorption spectroscopy results 
clearly show that the most efficient method to remove catalyst particles (Co and Ni) is 
the use of 43h reflux in 2M HNO3, which removes almost all metals and the purity of 
the obtained material is above 99.9 %. A detailed analysis using OAS will be 
presented for this sample (simply referred to as chemically treated sample here after) 
and some other samples to illustrate the efficiency of the purification process.  
  
 
Fig. 3.1 The purification steps 
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Returning to Fig. 3.2 one not only observes the removal of the catalyst particles but 
also that the samples do not have as much amorphous carbon as the raw sample. 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
  
Firstly, the OAS analysis for the chemically treated sample and as-produced sample 
will be presented (Fig. 3.3). The optical response of the as-prepared raw material is 
represented by the solid line and of the chemically treated sample by the dashed line, 
 
Sample Ni [wt%] Co[wt%] 
Raw material 15.4 15.5 
45 min. 15 %H2O2, 7min. 
 0.1 M HNO3, 6 h CFF 
0.6 0.5 
45 min. 15 %H2O2, 17 h  
 2M HNO3, 6 h CFF 
0.6 0.4 
45 min. 30 %H2O2, 1h 
 0.5M HNO3, 6 h CFF 
6.4 6.3 
45 min. 20 %H2O2, 1h 
 0.5 M HNO3, 6 h CFF 
6.2 6.2 
43 h HNO3, 6 h CFF 0.04 0.05 
17h H 0, 3h C H , 8.7 9.0 
Tab. 3.1 Metal contents after purification from AAS for different 
treatments. 
Fig. 3.2 TEM pictures of purified SWNT: (a) raw material,  (b) after reflux in 15 
% H2O2, washing with 2M HCl, (c) after reflux in 15% H2O2, washing with 0.1 
M HNO3, (d) after 43 h reflux in 2 M HNO3. 
 
a) b) 
c) 
d) 5 nm 
20 nm
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after background subtraction (see above). In order to compare the pertinent intensities,  
the SWCNT-related peaks were normalized at 1.1 eV following [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
Three broad SWCNT-related peaks are observed in the energy between 0.5 and 
2.5 eV. The peaks sE11  and 
sE22  are related to transitions between DOS singularities in 
semiconducting tubes and the mE11  peak in metallic tubes. After purification the 
SWCNT peaks are slightly redshifted and their overall intensity is somewhat smaller. 
The mean diameter is inversely proportional to the absorption peaks energy and thus, 
the redshift is an indication that the SWCNT mean diameter has increased with a 
narrower diameter distribution. Furthermore, the area under the sE11  peak is a direct 
measure of the abundance of the SWCNT in the sample [16]. Since the raw material 
contains up to 40 % of SWCNT [89], the increase of the sE11  peak area by more than 
100 % shows that we have successfully removed most of the other carbon species 
during the purification process. This is also confirmed on a local scale by TEM 
(Fig. 3.2 c). The analysis of the first sE11  peak for other chemically purified samples 
did not show such a dramatic increase in peak area. For this reason a detailed analysis 
of the diameter and diameter distribution was performed only on the HNO3 treated 
sample. Fig. 3.4 shows typical OAS spectra from such a treatment where the catalyst 
partic les were removed successfully but un-wanted carbon species remain.  In 
Fig. 3.4: 
- the black line represents the OAS of  raw material,  
 
Fig. 3.3 The optical absorption spectra of SWCNT after chemical purification 
(dashed line) and as-produced raw material (solid line) after background 
subtraction. 
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- the blue line represents the OAS of SWCNT sample, which was 
refluxed in 30% H2O2 for 45 min., then washed in 2 M HCl for 17 h, 
and finally, filtrated for 6 h in cross-flow filtration, 
- the red line represents the OAS of the sample described in previous 
point (blue line) but after additional high vacuum annealing at 800°C 
for 30 min.  
  
 
 
 
 
 
 
 
 
 
 
The area under the first semiconducting peak provides a direct measure of the 
abundance of SWCNT in the sample and so allows a good estimation of the sample 
purity. The area of the peak for the raw material is 100 % bigger than for the H2O2 
purified sample (blue line) and indicates that the relative quantity of SWCNT in the 
bulk sample drastically decreased. Charge transfer between SWCNT and any 
remaining H2O2 can also result in a decreased intensity for this peak. High-vacuum 
annealing led to an increase in area (red line) for this peak relative to the pre-annealed 
sample. This is because HV annealing removes the remaining H2O2 and therefore the 
intensity (area) of the discussed peak is increased but is still lower than that for the 
unpurified material. This shows that this treatment does not lead to a higher 
proportion of SWCNT in the sample. This is related to the fact that H2O2 treatment is 
a harmful process that damages SWCNT and thus, it increases the amount of 
amorphous carbon. Nevertheless, the procedure does successfully remove catalyst 
particles (see Tab. 3.1). In addition, the second semiconducting peak (good peak 
separation) can be used to provide an estimate of the mean diameter and diameter 
distribution. The position of this peak is unaltered by the annealing process (see below 
Tab. 3.2).    
 
 
Fig. 3.4 OAS spectra of the purified with H2O2 before (blue line) and after 
annealing in HV (red line). 
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The results of the alternative purification method by oxygen burning are depicted in 
Fig. 3.5. The oxygen treatment was carried out, step by step, with the following 
annealing conditions:  
• at T=723 K, p=1.5 x 10-6 mbar for 48 h, 
• at T=723 K, p=5 x 10-6 mbar for 18 h, 
• at T=823 K, p=5 x 10-6 mbar for 1 h, 
• at T=873 K, p=5 x 10-6 mbar for 0.75 h, 
• at T=1023 K, p=1 x 10-7 mbar for 1 h. 
This treatment, as seen in Fig. 3.5, results in the slight increase of the E11s peak, which 
indicates that the relative amount of SWCNT increased and also results in a redshift 
of the absorption structures. The redshift of the peak position is attributed to the 
change of the mean diameter and diameter distribution what is confirmed later in this 
section. Surprisingly, at the high-energy side of each absorption peak a new feature 
appears. The same treatment was performed with the chemically purified sample but 
no new feature in the absorption spectrum was observed. The appearance of these 
additional features lead to interesting results in the detailed analysis of the mean 
diameter and distribution, which are discussed below. The high resolution TEM 
picture presented in inset of Fig. 3.5 shows that the overall defect concentration, 
induced at a local scale by this pur ification method is small compared to the acid 
treated samples. 
 
 
 
 
 
 
 
 
 
 
As mentioned above, the position of the absorption peaks is inversely proportional to 
the SWCNT diameter within a TB model. Under the assumption of a Gaussian 
diameter distribution the optical absorption peaks can be simulated within a TB model 
by using only the mean diameter and the diameter distribution [46] as parameters. The 
result of such a simulation is shown in Fig. 3.6 for three different samples. Due to 
excitonic effects and  background contributions (for a detailed discussion see [46]) the 
Fig. 3.5 The optical absorption spectra of SWCNT after oxygen treatment (solid 
line) and as-produced raw material (dashed line). Inset: TEM picture of the oxygen 
burned sample. 
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most accurate analysis can be obtained for the second absorption peak ( sE22 ) which is 
shown in Fig. 3.6.  
As can be seen from the figure, a distinct fine structure is visible in the optical 
absorption. Since such a fine structure is related to transitions of SWCNT with 
different chirality and diameter, the analysis was additionally performed as a function 
of the chiral angle on the nanotubes vector map (0o is zigzag, 30o for armchair). The 
resulting mean diameters and diameter distributions of the purified samples are shown 
in Tab. 3.2 as a function of different selected chiral angles. 
 
 
 
 
 
 
 
 
 
 
 
 
From the table it is obvious that the mean diameter of the raw material (1.22 nm) has 
increased as a result of the purification processes, whereas the diameter distribution 
has narrowed significantly. This is independent of the chirality and clearly 
demonstrates that thinner SWCNT are more reactive and therefore preferentially 
burned/etched. Consequently, oxidation of SWCNT can be successfully used to obtain 
SWCNT with a very narrow diameter distribution. 
 
 
 
 
Fig. 3.6 Comparison of the measured optical spectra (solid line) in the range 
of the Es11 peak and chiral angle 15 – 30o of the SWCNT with fitting results 
(dashed line) for chemical treatment (top), oxygen burning (middle), and as-
produced SWCNT (bottom) using a Gaussian diameter distribution. Details 
on the fitting procedure are described in the text and in [46]. 
Sample 0 – 30o 0 – 15o 15 – 30o 
Raw 
material 
1.21 ± 0.14 nm 1.22 ± 0.13 nm 1.19 ± 0.16 nm 
O2 1.26 ± 0.10 nm 1.26 ± 0.10 nm 1.26 ± 0.10 nm 
HNO3 
treated 
1.38 ± 0.07 nm 1.37 ± 0.07 nm 1.37 ± 0.07 nm 
 Tab. 3.2 Mean diameter and diameter distribution of pristine, oxygen burned 
SWCNT, and chemically treated for different distribution of chiral angles. 
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Finally, the spectra of the oxygen-annealed samples show an additional weak 
absorption peak at the high energy side of the original features (see Fig. 3.5). The 
energy range, where this small subpeak exists, suggests that some new thin nanotubes 
are grown during oxidation burning. An analysis shows that these thin SWCNT have 
a narrow diameter distribution of d=0.95 ± 0.04 nm. It has been shown that in the 
laser ablation process the mean diameter is strongly dependent on the furnace 
temperature [91]. The lower the temperature the smaller the yield and mean diameter 
of the produced SWCNT. Since in the oxygen burning process, the amorphous carbon 
shells covering the catalyst particles are removed the catalyst particles, which are in 
the sample, are still active. Consequently, when we heat up to T=873 K the presence 
of carbon and catalyst species leads to a growth of SWCNT with a small mean 
diameter and a small diameter distribution. This now might open a way to produce 
well-defined SWCNT with a mean diameter below 1 nm and a narrow diameter 
distribution. The scenario described above is consistent with the absence of such thin 
SWCNT in the chemically purified samples, as the catalyst particles have been 
removed. 
 
3.3 Conclusions 
To conclude, a simple but effective procedure to obtain single-wall carbon nanotubes 
with selected diameters and a reduced diameter distribution was presented. Both 
HNO3 and oxygen burning treatments can be used to selectively remove SWCNT 
with smaller diameters. It is also worth noting that not all chemical purification 
processes discussed in the literature consider the efficiency with which they remove 
unwanted carbon species, e.g. amorphous carbon. The purification process (HNO3 
treatment) is considered to be the most successful of all the studied purification 
processes, in that both catalyst particles and unwanted carbon species are removed.  
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Chapter 4 
Electronic and optical 
properties of MWBNNT and 
BN-onions 
4.1 MWBNNT 
This chapter reports on the synthesis, structural analysis (TEM, ED) and IR 
response of bulk samples of multiwalled boron nitride nanotubes produced by a 
substitution reaction from single walled carbon nanotubes. Additionally, high 
resolution EELS studies of the electronic properties of multiwall boron nitride 
nanotubes, in terms of the B1s and N1s excitation edges and of the q-dependent 
energy-loss function have been carried out. The q-dependent dielectric function shows 
a strong dispersion in momentum of the π  and σ+π  plasmons indicating that they are 
spatially delocalised along the tube axis as expected according to their characteristic 
two-dimensional graphitic- like structure. The dielectric function ε of the boron nitride 
nanotubes reveals an intense π-π* interband transition at 5.4 eV, which is shifted to 
lower energies by 0.6 eV when compared to hexagonal BN, in good agreement with 
recent band structure calculations of boron nitride nanotubes. 
4.1.1 Synthesis of MWBNNT 
One route to fabricate BNNT is the substitution of the carbon atoms of carbon 
na notube templates by boron and nitrogen as reported previously by Golberg et al. [5, 
6] and W. Han et al. [3, 4]. This method is adapted in this study. 
 For the production of our samples a 5:2:1 mixture in weight of laser ablation 
fabricated single wall carbon nanotubes [91] (SWCNT), B2O3 as a boron source and 
MoO3 as catalyst was heated in a nitrogen atmosphere up to 1500°C for 30 min in a 
high vacuum preparation chamber with a base pressure of 10-7 mbar (see Fig. 4.1). 
The resulting material was first dispersed ultrasonically in CCl4 and dropped onto 
KBr single crystals for the optical studies and also transferred to electron microscopy 
grids by subsequently dissolving the KBr in distilled water for TEM, ED and EELS 
characterization. The samples were heated in UHV up to 450°C to remove organic 
contaminations without changing the structure of the nanotubes. 
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4.1.2 Structural and vibronic properties of MWBNNT 
 Fig.4.2 shows typical high-resolution TEM images of the SWCNT templates 
(upper left panel) and of the grown BNNT material. Clearly, the reaction product 
consists of multiwalled nanotubes with 2-10 walls and diameter in the range of  
3 ± 1 nm.  
EELS measurements revealed a 1:1 BN stochiometry without contribution of 
carbon in the MWNT. The arrangement of the h-BN layers in MWBNNT is more 
ordered as the graphite layers in the SWCNT in good agreement with previously 
reported observations [50]. As can be seen from Fig. 4.2 (upper right panel) the tubes 
in our material are capped. A statistical analysis of the TEM images reveal a 
MWBNNT production yield of 98 % and only a very small residual amount of 
amorphous carbon in the bulk sample. The creation of MWBNNT from SWCNT in 
these samples can be explained as a double step process. 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Vacuum 
pump 
N 2 supply r.f.  heating  
coils 
Furnace chamber 
Fig. 4.1 Schematic representation of the experimental set-up with a radio 
frequency heated chamber furnace. 
 
10 nm
39 
                                                                                                                                                                                       
 
 
 
 
 
 
 
 
 
 
First, the transition from SWCNT to MWCNT occurs as reported previously by K. 
Metenier et al. in Ref [92]. They reported the conversion of the bundles of SWCNT 
into MWCNT in argon gas with temperatures between 1600 – 2200°C. In this 
experiment it was proofed that the conversion can run at lower temperature with 
application more active gas (e.g. N2). As a second step the substitution reaction of 
carbon atoms by boron and nitrogen takes place leading to a multishell honeycomb 
like structure.  
In Fig. 4.3 the measured IR response of the as grown MWBNNT (solid line) 
and bulk polycrystalline h-BN reference for comparison (dotted line) are presented. 
The spectrum of the MWBNNT is dominated by vibrations with a strong dipole 
moment at 800 cm-1 and at 1372 cm-1 with a pronounced shoulder at 1540 cm-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 TEM of MWBNNT in comparison to starting SWCNT (left upper 
panel).  
Fig. 4.3 Optical absorption spectrum of multiwalled boron nitride nanotubes 
(solid line) and h-boron nitride (dashed line). The peak at the low frequency 
side corresponds to a vibration  between the layers (tubes), the second peak at 
the high frequency side to vibration in the layers (in the tube). 
 
   
 
40 
                                                                                                                                                                                       
In the case of polycrystalline h-BN the corresponding modes are observed at 811 cm-1 
(out-of-plane B-N vibration) and at 1377 cm-1 and a weak shoulder at 1514 cm-1 (in-
plane B-N vibration). In pyrolytic h-BN two characteristic transverse optical (TO) 
phonon modes are calculated at 767 (783) cm-1, 1367 (1510) cm-1 [93]  for the electric 
field polarized parallel and perpendicular to the c-axis, respectively. For epitaxial 
monolayers of h-BN on metal surfaces, which show a buckled structure with some sp3 
admixture the modes are shifted to about 790 cm-1 and 1395 cm-1 [94]. Both modes 
exhibit a strong IR response resulting in a pronounced splitting between the TO and 
the longitudinal optical (LO) phonon branches as observed in the IR reflectivity [93].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig. 4.4 Imaginary (ε i) and real (εr) parts of dielectric functions of different 
Lorentz oscillators and the resulting reflection (R) and transmission (T). The 
various lines are derived from different oscillator strengths: black (150), red 
(400), green (700), and blue (1000). The arrows indicate the LO branch and the 
dashed line the constant frequency of the TO mode. The inset in the top panel 
presents εr in the frequency range between 1370 - 1800 cm-1. 
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The corresponding LO modes are calculated at about 778(828) cm-1 and about 
1610(1595) cm-1  [93]. For polycrystalline h-BN shown in Fig. 4.3 (dotted line) the 
observed LO-TO splitting is substantially reduced resulting in only one out-of-plane 
vibration at 811 cm-1 and a TO in-plane vibration at 1377 cm-1 with a weak LO in 
plane component at 1514 cm-1, respectively. In order to illustrate the behaviour of  
LO-TO splitting, calculations using a simple Lorentz oscillator model were 
performed. Fig. 4.4 presents the generated data of the real and imaginary parts of 
dielectric function represented by rε  and iε , respectively, and the resultant reflection 
(R) and transmission (T) [84]: 
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where pω is the plasma frequency, γ  is damping and Tω is eigenfrequency. 
The dielectric functions are calculated for  Lorentz oscillators with oscillator strengths 
of 150, 400, 700, and 1000, respectively.  The real part of the dielectric function for 
the 150 oscillator strength intensity is so low that it does not even cross the zero axis 
(see inset of the upper panel of Fig. 4.4) and this can be observed in no LO branch in 
reflection and transmission (corresponding peaks are symmetric). Increasing the 
oscillator strength results in rε  crossing the zero axis at higher wave numbers and the 
reflection and transmission peaks become more asymmetric with the TO branch 
remaining at the same frequency and the LO branch increasing in frequency. 
Generally, one can conclude that in highly oriented systems the LO-TO splitting is big 
and gradually decreases with increasing disorder. 
Since the relative spectral weight and the LO-TO splitting between the two 
components is related to the mixture of the oscillator strength of the modes parallel 
and perpendicular to the c-axes of h-BN, it can be used as a measure of the orientation 
of MWBNNT in the sample. In other words, a three dimensional disorder in a 
polycrystalline h-BN sample results in a very small LO-TO splitting as seen in Fig. 
4.3. 
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Fig. 4.5  Electron diffraction pattern of MWBNNT. 
4.1 
4.2 
42 
                                                                                                                                                                                       
In comparison, for MWBNNT the low frequency phonon is also degenerate 
and shifted by about 11 cm-1 to a lower frequency. This effect can have two possible 
origins. The first can be better understood by analysing the electron diffraction (ED) 
pattern of the grown material shown in Fig. 4.5.  
The first feature at 1.7 Å -1 of the ED pattern of MWBNNT reveals a lattice 
enlargement perpendicular to the BN sheets of around 6% with respect to that 
expected for bulk h-BN (i.e. 0.33 nm). This would lead to a reduction of the 
interaction perpendicular to the tube axis and consequently to a reduction of the out-
of-plane phonon strength. The second interpretation arises from the modified 
electronic band structure of the nanotubes due to the curvature of the h-BN sheets. It 
is well known how the curvature of the graphene- like sheets may induce some 
hybridisation between π  and σ states leading also to a reduction of the tight-binding 
overlap integral γ0. For example, SWCNT [46] reveal a reduction of γ0 from 3.14 eV 
(i.e. graphite) down to 2.95 eV. A similar effect can be expected for the MWBNNT 
and can therefore be the origin of the softening of this vibration mode. The high 
frequency mode of the MWBNNT is, as in the case of h-BN also strongly dependent 
on the sample orientation and the polarisation of the light. The observed strong 
component at 1372 cm-1 can be assigned to the TO mode polarized along the nanotube 
axis. The position of the TO mode compared to h-BN is in-between the values for 
polycrystalline h-BN (1377 cm-1) and in-plane oriented pyrolytic h-BN (1367 cm-1 ) 
[93]. This can be explained by the fact, that our nanotubes are lying on a KBr-crystal, 
resulting in a two dimensional orientation of MWBNNT and an enhancement of the 
IR-response and a hardening of the TO mode. The LO component is much lower in 
intensity and softened to 1540 cm-1 as compared to pyrolytic h-BN but much bigger 
than in the polycrystalline h-BN sample (1514 cm-1) in good agreement with the 
explanation mentioned above.  
4.1.3 Electronic properties of MWBNNT  
The electronic structure of the conduction bands can be examined by measuring the 
B1s and N 1s excitation edges. Fig. 4.6 a represents the B1s excitation spectrum of 
multiwall BN nanotubes measured after annealing in vacuum (solid), and a near edge 
X-ray absorption fine structure (NEXAFS) B1s reference spectrum (dashed) from 
polycrystalline h-BN [95].  
B1s spectrum of the multiwall BN nanotubes exhibits a sharp peak at 192 eV due to 
the excitonic B1s→π* transition, which is only allowed for momentum transfers 
perpendicular to the BN sheets [93, 96, 97]. The B1s→σ* shows two peaks at 
198.2 eV and 199.5 eV, and a barely resolved weak feature at 204 eV. The peak at 
200.5 eV in the h-BN reference spectrum is clearly absent in the spectrum of our 
sample. Fig. 4.6 b represents the N1s excitation spectrum of the multiwall BN 
nanotubes and the reference N1s NEXAFS spectrum from h-BN [95]. The low energy 
π* resonance is observed at 401 eV in good agreement with that detected for h-BN 
[93, 98]. In addition, the broad σ* resonance around 408 eV also resembles that 
observed for h-BN. As in the case of the B1s spectra, the intensity of the π* resonance 
relative to the  σ* resonance is larger as compared to the π*/σ* ratio for the reference 
material. The larger intensity of the π* excitation at 192 eV in the B1s edge (see 
Fig. 4.6 a) and at 401 in the N1s edge (see Fig. 4.6 b) relative to that of the σ* states 
as compared to the same π*/σ* ratio in h-BN is somewhat surprising. In fact, a 
reduction of the π*/σ* ratio is observed in carbon nanotubes with respect to bulk 
graphite, which is interpreted as due to the appearance of some sp3 hybridization of 
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the C atoms owing to the curvature of the sheets. A similar enhancement of the π*/σ* 
ratio in the B1s and N1s edges of BN nanotubes was reported by Loiseau et al. [50]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This effect is attributed to the fact that the nanotubes are oriented preferentially along 
the surface plane of the KBr crystal and therefore parallel to the surface of the copper 
grid, so that, for core level measurements, where the momentum transfer is chosen 
perpendicular to the surface of the copper grid, the contribution of the electronic 
transitions to final states of π* character, which originate from the 2pz orbitals 
perpendicular to the BN sheets is enhanced. 
The dependence of the low energy- loss function upon the momentum transfer q can 
provide a detailed view on the spatial extens ion of the electronic excitations, their 
multipolar character and their dispersion [96]. The loss spectra of the multiwall BN 
nanotubes are depicted in Fig. 4.7 as a function of the momentum transfer q.  
They are dominated by a strong collective excitation around 23.2 eV involving all π  
and σ valence electrons and a shoulder at ∼17 eV associated to the onset of the N2s 
excitation threshold according to different band structure calculations [99, 100]. A 
double-peak feature appears at 6.7 eV and 7.7 eV in the loss spectra related to π-π* 
electronic interband transitions. Both features exhibit a significant dispersion as q 
increases, indicated by the dashed lines in Fig. 4.7. A non-dispersive double peak 
centred at 11 eV and 12 eV can also be observed for 0.1<q<0.3 Å-1, decreasing in 
intensity for higher values of q suggesting that they originate from dipole-allowed 
interband transitions. 
 
 
 
Fig. 4.6 (a) B 1s and (b) N1s excitation spectra of BN nanotubes as 
measured by EELS (solid). (a) B 1s and (b) N1s excitation spectra of 
polycrystalline h-BN (dashed) as measured using synchrotron radiation. 
(taken from Ref. [25]).  
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The low energy- loss spectra can be better understood in terms of the real and 
imaginary parts of the dielectric functions, εr and ε i, which can be obtained by a 
Kramers Kronig analysis (KKA) of the measured loss spectra. For the KKA we have 
determined the effective number of electrons per unit cell contributing to the loss 
function (Neff) at low q using εr(0) = 4.7 from polycrystalline h-BN [93], whilst for 
higher q values we have maintained Neff, i.e. the sum rule, constant. Following this 
procedure, εr(0,q) decreases progressively from εr(0) = 4.7 in the optical limit down to 
εr(0)=2.2 for q=0.6 Å-1, which is the expected behaviour upon q [98].  
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Fig. 4.7 Loss spectra of the 
multiwall BN nanotubes 
between 2 and 15 eV as a 
function of the momentum 
transfer q, as measured by 
EELS. Inset: full energy 
range between 0 and 30 eV.  
 
 
Fig. 4.8 Loss function and ε(ω,q) of 
multiwall BN nanotubes between 
0<ω<20 eV as derived from the 
Kramers Kronig analysis for q = 
0.1 Å-1. Arrows indicate the energy 
positions of the excitations ω1 to 
ω5.  
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Figure 4.8 shows the loss function (upper part), εr (dashed), and ε i (solid, 
bottom part) obtained from the KKA of the loss function at q=0.1 Å-1. ε i exhibits an 
intense excitation at 5.4 eV (ω1) and a weaker feature at 6.8 eV (ω2), both 
corresponding to electronic interband transitions of π  character leading to collective 
excitations at 6.6 eV and 7.8 eV, as evidenced by the two maxima in the loss function. 
In addition, ε2 reveals a double feature centred at 11 eV (ω3,4) which is also 
reproduced in the loss function and a broad oscillator at 14.7 eV (ω5), which in bulk 
h-BN is associated to electronic σ-σ* [100] transitions. 
The q dependence of the interband excitations can be examined by comparing 
the imaginary part of the dielectric function ε2 for different q. Fig. 4.9 shows ε2(ω,q) 
for q between 0.1<q<0.6 Å-1. Furthermore, Fig. 4.10 displays the energy positions of 
the electronic excitations (open symbols: ω1-ω5), and the position of the π  and σ+π 
plasmon (filled symbols) in the loss function as a function of q.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 includes the energy positions of the π  and σ+π  plasmons as measured 
by Tarrio et al. [101] in pyrolytic h-BN as a function of momentum parallel to the 
basal planes (dashed lines). It is observed how the lowest energy excitations ω1 and 
ω2 disperse upwards in energy as q increases.  
In addition, the strength of both excitations decreases sharply as q increases, as 
expected for transitions having electric dipolar character. The momentum dispersion 
of these two excitations leads to the positive dispersion of the π  plasmon in the loss 
function, which is also plotted in Fig. 4.10.  
The same behaviour upon q is also observed for the π  plasmon in h-BN [101], 
which confirms the similar electronic nature arising from the hexagonal symmetry of 
the sheets along the tube axis. The upwards shift of the π  plasmon as q increases has 
been also observed in carbon based materials such as, graphite [102], carbon 
nanotubes [41, 46, 103] and concentric-shell fullerenes [104]. 
Fig. 4.9 ε i of multiwall BN nanotubes between 2<w<25 eV as derived from the 
Kramers Kronig analysis of the loss function of Fig. 4.8 for different q.  
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The peaks ω3,4, leading to features in the loss function centred at 11 eV, do not 
disperse in energy and decrease in strength indicating their dipole allowed character. 
The equivalent excitation in h-BN appears as one broad peak centred at 11.5 eV. 
Analogously, the oscillator ω5 arising from σ-σ* [100] transitions disperses 
significantly to higher energies as q increases as expected for electronic transitions 
between broad bands along the tube axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As mentioned above, the analysis of the TEM pictures revealed an averaged 
inner diameter of the tubes of 3.1 ± 0.8 nm. Thus, we can estimate the chirality index 
n for zig-zag (n,0) or for armchair (n,n) nanotubes by using the Eqn. 
)(3 21
2
2
2
1 nnnn
a
d ++=
π
, where d is the inner tube diameter and 'a' is the in-plane 
lattice parameter. Using d = 3.1 nm it is obtained n≈20 for zig-zag and n1 = n2 ≈ 13 for 
armchair nanotubes. Tight binding calculations by Rubio et al. [105] show that the 
band gap in BN nanotubes decreases by 5% when the diameter of the BN sheets was 
lowered, both in zig-zag and armchair nanotubes, from d ∼ ∞ down to d ≈ 2 nm for 
zig-zag and d ≈ 3.6 nm for armchair nanotubes, which corresponds to a chirality index 
of n < 15, respectively. Rubio et al. [105] suggested that the formation of some sp3 
hybridisation as due to the curvature of the sheets causes a reduction of the ionicity of 
the bonding and a reduction of the band gap. More recently, Okada et al. [106] 
theoretically reported a reduction of the band gap by 10 % in double-wall BN 
nanotubes of zig-zag chirality (9,0) with respect to h-BN using the local-density-
approximation (LDA). They also interpreted that the appearance of some sp3 
hybridisation due to the curvature of the BN sheets induces a different downward shift 
of the π  and π* orbitals leading to a decrease of the band gap as the tube diameter 
decreases. Owing to the fact that we are measuring multiwall tubes of likely mixed 
chirality and that the theoretical calculations consider single or double walled 
structures, the correlation between band gap reduction and the averaged diameter 
observed in our samples seems to be in reasonable agreement with the gap reduction 
predicted by Rubio et al. [105] and Okada et al. [106]. A decrease of the energy of the 
Fig. 4.10 Energy of the 
different excitations (open 
symbols) and plasmons (filled 
symbols) as a function of q, as 
derived from Fig. 4.9. The 
plasmon energies of pyrolytic 
h-BN as derived from Ref. 
[101] are also included for 
comparison (dashed lines). 
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π-π* transitions has also been reported for concentric shell fullerenes [104], or more 
recently for single wall carbon nanotubes SWCNT [46], as compared to the value 
observed for graphite. In the case of the SWCNT, the energy of the π-π  overlap 
integral γ0 is found to decrease from 3.14 eV for graphite down to 2.95 eV for 
SWCNT, (i.e. 6%). An alternative explanation of the downward shift of the transition 
ω1 may arise from the enlargement of the BN unit cell, as observed by electron 
diffraction, and hence from a reduction of the number of effective electrons per 
volume unit neff contributing to the screening of the e-h interaction. Although the 
position of the σ+π  plasmon in h-BN is strongly dependent upon the sample texture 
and the direction of the momentum transfer, the interpretation above could be 
consistent with the observed reduction of the energy of this plasmon, i.e from 25.5 eV 
for h-BN [105] or 26.4 eV (pyrolityc h-BN [101], q⊥c) down to 23.2 eV in the case of 
our BN nanotubes. Nevertheless, we have to note that, given the geometry of the 
nanotubes, the loss spectra measured here represent an average along the two 
principal crystal directions (a,b) and c so that the exact position of the σ+π  plasmon 
polarisation parallel to the nanotubes axis is unknown.  
Band structure calculations [98, 100] of h-BN predict a momentum dispersion for the 
electronic excitations between π-derived bands along the L-M axis of the BZ, which 
is in agreement with what was observed in this measurements. This result signals that 
the degree of delocalisation of the electronic excitations along the BN nanotubes is 
due to the fact that they are dominated by the band structure of the BN sheets, which 
is also supported by the similar momentum dispersion of the π  plasmon of h-BN as 
reported by Tarrio et al.  [101]. However, a matter of discrepancy is observed when 
comparing the degree of q dispersion of the σ+π  plasmon of our BN nanotubes and 
the h-BN, which is larger in the case of the BN nanotubes. Considering the 
similarities between lattice structure and chemical nature of both materials one would 
expect the same overall behaviour of both π  and σ+π  plasmons upon q, as it was 
observed in other compounds like SWCNT [103] or concentric shell fullerenes [104] 
with respect to graphite. Further q dependent EELS studies of pyrolytic and 
polycrystalline h-BN may be carried out in order to clarify these discrepancies. The 
double-peak feature located at 11 eV and 12 eV in the loss function (cf. Fig. 4.6) and 
in ε i stems from interband transitions of σ-π  character, in agreement to band structure 
calculations of h-BN reported by Xu et al. [100] and with q-orientation-dependent 
measurements [108] of the loss function in h-BN single crystals. ε i calculated by Xu 
et al. [100] for different q orientations in h-BN (q⊥  and qto the c axis) shows a good 
agreement in energy and shape with our results in the region around 11.5 eV 
indicating the similarities between the optical response of the multiwall BN nanotubes 
and h-BN [107]. The energy, width and strength of the excitation ω5 (σ-σ* transitions) 
are also well reproduced in the calculations by Xu et al. [100] and these are in good 
agreement with that reported by Terauchi et al. [108] in multiwall BN nanotubes.  
4.1.4 Conclusions  
To summarize, the IR-response of MWBNNT was shown, which can be used 
as a fingerprint to analyse MWBNNT in comparison with results from electron 
diffraction and TEM. As in h-BN, one has to be aware of the sample texture and the 
LO-TO splitting of the IR-active modes. Compared to polycrystalline h-BN the mode 
polarized perpendicular to the tube axis is softened by 11 cm-1 to 800 cm-1 and the 
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mode polarized along the tube axis is softened by 5 cm-1 to 1372 cm-1. This is in good 
agreement with the observed expansion of the distance between the individual tubular 
shells in the electron diffraction pattern. 
 
TEM images and B1s and N 1s excitation edges of the grown material reveal the 
presence of multiwall BN nanotubes with an inner diameter of 3.1 nm and with a 
larger interplanar distance than in h-BN. The electronic properties of the multiwall 
BN nanotubes as derived from the q-dependent dielectric function ε(ω,q) are 
dominated by the band structure of the hexagonal- like BN sheets, as revealed by the 
large degree of momentum dispersion observed for the π  and σ+π  plasmons, in 
agreement with that previously reported for different graphitic allotropic forms. The 
electronic σ-σ (ω5) and σ-π  (ω3,4) transitions resemble the theoretical and 
experimental data reported in the literature very well for h-BN, also confirming the 
similarities between the band structures of BN nanotubes and h-BN. We have 
observed an energy reduction of the lowest energy onset in the loss function of the 
BN nanotubes with respect to that reported for bulk h-BN most likely due to the 
decrease of the band gap caused by the curvature of the sheets and the appearance of 
some sp3 hybridization. The decrease of neff as due to the reduction of the volume of 
the unit cell can also contribute to the downward shift of this feature. The observed 
reduction of the band gap agrees reasonably well with band structure calculations of 
BN nanotubes. 
 
 
4.2 BN-nanocapsules 
 
In the following section, a new synthesis route for the formation of boron nitride (BN) 
nanocapsules by means of a substitution process using single wall carbon nanotubes 
as templates, with yields of > 95 % is presented. TEM reveals nanocapsules with 
diameters between 5 to 120 nm and 3 to 30 walls. Bulk scale analysis was conducted 
using EELS and the optical properties were analyzed by means of optical absorption, 
IR and Raman spectroscopy.  
 
4.2.1 Synthesis of BN nanocapsules  
 
 BN-nanocapsules are obtained by altering the process parameters of the 
MWBNNT production process. Fullerene- like BN nanostructures are observed under 
rapid cooling of the reaction product. This can be explained by a fragmentation or 
curling of the tube walls under this quenching process.  
 
The starting material was a black powder containing 40 % of SWCNT with a mean 
diameter of 1.25 nm produced by a laser ablation process [91]. The nitrogen source 
was nitrogen gas, and that of boron, boron oxide. The SWCNT and B2O3 were mixed 
to a ratio of 1:5 respectively and placed in an Al2O3 crucible, which was then placed 
in a graphite holder. The graphite holder plus contents was then introduced to the 
centre of a radio high frequency chamber furnace. A sketch of the experimental setup 
is given in Fig. 4.1. The oven chamber is connected to a high vacuum pumping 
system (10-5 mbar base pressure) and has an inlet for gas entry. Once the system had 
been fully evacuated the vacuum pump was shutdown and a static nitrogen gas 
pressure of 950 mbar was established within the oven chamber. The temperature was 
then raised to 1300°C (80°C/min.) and maintained for a period of 4 h in order to 
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activate the substitution process. The key to the formation of the concentric BN 
nanocapsules lies in the rapid cooling down to room temperature (within 5 min.) upon 
completion of the substitution process (slow cooling yields BN nanotubes). The 
reaction results in a grey product.  
The treated product was then thoroughly dispersed in CCl4 and then a thin film was 
prepared by dropping the resultant solution onto a KBr single crystal, which was 
placed on a heating plate at 120°C. Optical studies in transmission were performed on 
the film which was thereafter floated off the KBr crystal in distilled water and 
transferred to a standard electron microscopy copper grid.  Then the thin films 
prepared on microscopy grids were annealed in ultra high vacuum at 500°C for at 
least 1 h to remove contamination from the solvent and adsorbed gases prior to 
analysis by TEM and EELS. Polycrystalline h-BN films where prepared by adding 
distilled water to commercially (Merck) obtained h-BN powder. The solution was 
then well sonicated after which a thin film of h-BN was left on the surface of the 
water, which then was skimmed off onto standard electron microscopy grids. These 
films were then annealed also.  
 
4.2.2 Morphology from TEM studies 
 
Typical high-resolution electron microscopic images of BN nanocapsules are 
depicted in Fig. 4.11 on different scales ranging from 2 nm up to 100 nm. It can be 
seen that while the size of the capsules vary, the general shape of each struc ture is 
similar.   
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Fig. 4.11 TEM micrographs of BN nanocapsules for different scales and the 
nanocapsules diameter distribution from left lower TEM image (100 nm). 
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However in contrast to carbon onions, which are more circular in form,  the surface 
of the nanocapsules are polyhedral in form. That is, the structures consist of flat sides 
most of which are hexagonal, forming an onion like structure. The diameters of the 
nanocapsules range between 5 and 120 nm with 3 to 30 walls. A statistical analysis of  
TEM micrograph as depicted in the lower right panel of Fig. 4.11 shows that most of 
the nanocapsules have a mean diameter of 40 nm. This is similar to the diameter and 
number of walls of the MWBNNT produced by the same technique without the rapid 
quenching. The low magnification TEM image shown in the lower left panel of 
Fig. 4.11 highlights that the sample is comprised almost entirely of BN nanocapsules 
and is in contrast with other production methods for BN nanocapsules that do not 
achieve such high yields.  
Catalyst particles originating from the starting material can be seen inside a few of 
the nanocapsules. The presence of catalyst material within the nanocapsules is in 
agreement with previous observations by Cummings and Zettl [108] who suggest that 
the catalyst material provides a medium around which the BN nanocapsules form. To 
verify that the catalyst particles do play a role, the production process was repeated 
with purified SWCNT where the amount of catalyst particles was reduced by a factor 
of 300 [37]. The resultant material yielded fewer BN nanocapsules. Despite only a 
few (ca. 10 %) catalyst particles being present inside the BN nanocapsules, this 
suggests they play a crucial role in the formation of the BN nanocapsules. As reported 
previously for the formation of MWBNNT, the SWCNT used as templates first 
change to MWCNT and then convert to MWBNNT under the substitution process  
[107]. One possible explanation for the nanocapsule formation is that the MWBNNT 
are not stable upon rapid quenching and fragmentize. The resultant fragments are then 
stabilized by the remaining catalyst droplets and form the observed nanocapsules. 
However, as mentioned above and consistent with previous results on BN-onions 
produced by the arc discharge method [109], many of the nanocapsules have little or 
no remnants of catalyst particles within themselves.  This opens the question how the 
catalyst material escapes from the nanocapsules. One possible explanation is that the 
nanocapsules are not immediately formed as closed units allowing a finite time for the 
catalyst material to escape. It is known that catalyst droplets nucleate far below their 
melting points upon rapid cooling, e.g.  [110], and thus would be able to evaporate out 
of the nanocapsules despite the relatively low temperature. However, a detailed 
understanding of this problem is still open and needs further experiments to cla rify the 
exact mechanism through which the catalyst material escapes. 
The structural analysis by electron diffraction is depicted in Fig. 4.12 in comparison 
to essentially polycrystalline h-BN. The first peak represents the spacing between 
sheets of BN (c-axis in h-BN) and is less (1.82 Å-1) for the BN nanocapsules than for 
h-BN (1.90 Å-1) and indicates an enlargement for the nanocapsules of around 4.5 %. 
This is similar to the observations for MWBNNT that also exhibit a slight expansion 
between BN sheets [107, 50].  The second peak (ca. 2.90 Å-1) gives the in-plane lattice 
parameter, a, and is not changed for the BN onions as compared to h-BN and 
MWBNNT 
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4.2.3 Electronic properties of BN-nanocapsules 
For further analysis of the as produced BN onions, bulk sensitive high-
resolution EELS experiments were performed. The local electronic structure, bonding 
and chemical environment was studied using core level excitations. The analysis of 
the EELS C1s edge showed that less than 5 % carbon is present in the sample. This 
highlights the efficiency of the substitution process. To determine the actual sample 
composition, the EELS spectra of the B1s and N1s excitation edges were compared 
with those obtained from commercial polycrystalline h-BN and are depicted in 
Fig. 4.13.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12 Electron diffraction for BN nanocapsules (dashed line) and h-BN (solid 
line) 
 
Fig. 4.13 a) B1s core excitation edges of BN nanocapsules (dashed line) and h-
BN (solid line), b) N1s core excitation edges of BN nanocapsules (dashed line) 
and h-BN (solid line).  
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From the area under the B1s and N1s edges the sample composition can be 
evaluated. Taking into account the different form factors for the scattered electrons 
boron to nitrogen ratio of 1:1 is obtained, as expected for BN. The chemical 
environment of the observed nanostructures was analysed by the position of the main 
features in the excitation edges. The most pronounced peak in the B1s excitation edge 
is the so-called π* resonance at 192 eV (Fig. 4.13 a). This position is characteristic for 
hexagonal BN in an sp2 environment. For other hexagonal structures like BC3, or 
B2O3 the peak is shifted to higher energy of 193 eV or 194 eV, respectively. For cubic 
BN in an sp3 configuration the π* resonance is absent. This is analogous to graphite 
and diamond. Both the B1s and N1s π* resonances from the BN nanocapsules are 
lower than those for h-BN. This is due to a texturing effect, viz. since the π  orbital is 
sensitive to excitations perpendicular to the BN sheets [111] the re exists a preferential 
orientation between the BN nanocapsules film and that of h-BN leading to differences 
in the π* resonances (see Fig. 4.13 a, b). This is easily understood in terms of the h-
BN crystals being more planar in form and preferentially orientated on the c-axis 
whilst the nanocapsules are more spherical in form and so have a random orientation. 
 
4.2.4 Vibronic response of BN-nanocapsules 
 
 Now the attention will be turned to the analysis of the optical properties of the 
BN nanocapsules. In Fig. 4.14 the optical absorption of the SWCNT templates are 
compared to the response of the BN-nanocapsules. The inset shows the IR active 
phonons of h-BN and BN nanocapsules in an extended range. The characteristic peaks 
arising from transitions between the van Hove singularities of the SWCNT vanish and 
besides some diffuse background scattering no absorption is observed up to the KBr 
gap (above 3e V). The lack of any characteristic SWCNT peaks exemplifies the 
efficiency of the substitution process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since h-BN and MWBNNT are polar systems, a strong dipolar moment is observed 
for the IR-active vibrations giving rise to a huge IR response. It is obvious that the 
0.4 0.8 1.2 1.6 2.0
1000 2000 3000
 
 
In
te
ns
ity
 (
ar
b.
 u
.)
Energy (eV)
 
 ν (cm-1)
 
Fig. 4.14 Optical absorption measured for films on KBr single crystals. SWCNT 
(solid line) and BN-nanocapsules (dashed line). Inset graph: IR spectra for BN-
nanocapsules (dashed line) and h-BN (solid line). 
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same should hold for BN nanocapsules. Hence, the vibrational properties were 
analysed by FTIR spectroscopy as depicted in the inset of Fig. 4.14. Two strong 
vibrations at 806 cm-1 (vibration between the planes) and at 1380 cm-1 (B-N vibration 
in plane) dominate the IR BN nanocapsules spectrum. The corresponding IR 
responses for polycrystalline h-BN are at 811 cm-1 and 1377 cm-1, respectively. A 
detailed analysis of the IR spectra is complicated by the strongly orientation 
dependent splitting between the longitudinal and transverse optical (LO-TO) branches 
of the in plane modes at about 1367 cm-1. Nevertheless, some information can be 
obtained from an analysis of the low frequency vibration at around 800 cm-1 where 
the BN vibration is perpendicular to the BN sheet. The position of this mode varies 
between 767 cm-1 and 828 cm-1 depending on the sample geometry of the pyrolitic h-
BN [93]. Compared to our polycrystalline h-BN the BN nanocapsules frequency is red 
shifted by about 5 cm-1, which is about half of the observed shift for MWNNT 
(11 cm-1) [107]. In addition to this orientation dependent frequency shift, a lattice 
enlargement perpendicular to the BN sheets, with respect to h-BN, also leads to a 
reduction of the out of plane phonon strength. Electron diffraction measurements 
(previously discussed) of the BN-nanocapsules also show a lattice enlargement 
between planes as compared to h-BN, although not as great an enlargement as for the 
case of MWBNNT. Therefore, concomitant with the texturing effect, the shift to 
lower frequencies relative to h-BN is less than that obtained with MWBNNT. For the 
higher frequency peak an increase in the LO-TO phonon splitting is observed for 
MWBNNT as compared to h-BN, which is due to a preferential orientation of the 
tubes lying on the KBr crystal. For the BN nanocapsules the opposite is observed - a 
reduction of the LO-TO splitting relative to h-BN, which indicates the h-BN is 
preferentially oriented relative to the BN-nanocapsules and is in agreement with the 
orientation effects found with the EELS data. Hence, the IR response of the BN 
onions can be used as a fingerprint of a completely randomly oriented h-BN species, 
and in addition to core level excitations provide a method to derive the sp2 to sp3 ratio 
in BN species, c.f. graphitic particles and carbon onions  [104].  
 
In addition, the vibrationa l properties were analysed by Raman spectroscopy. The FT-
Raman responses for the nanocapsules compared to h-BN are depicted in Fig 4.15.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.15 Raman spectra for BN-nanocapsules (solid line), h-BN (dashed 
line). 
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Compared to h-BN the overall response of the BN-onions is very similar with one big 
difference. The characteristic Raman active in plane vibration of h-BN at 1367 cm-1 is 
absent for the BN-onions. A possible explanation for this surprising fact is that due 
the finite size of the BN nanostructures the Raman frequency is red shifted. Compared 
to an infinitely long system with periodic boundary conditions like h-BN, the force 
constant for nanocapsules could be reduced due to finite size effects. Given that the 
nanocapsules have a broad size distribution, the force constants which are size 
dependant will also have a broad distribution, which in turn leads to a large frequency 
range with the net result being a washed out (bulk) Raman response [112].  
4.2.5 Conclusions  
To conclude, a fast and highly efficient synthesis route to produce BN 
nanocapsules with a narrow distribution of diameters and shells was presented. This is 
achieved by an adapted substitution process using SWCNT as templates followed by a 
rapid cooling treatment. The presence of catalyst material in the SWCNT raw material 
significantly enhanced the yield of the BN nanocapsules and hence plays a key role in 
their formation. The morphology was studied by TEM, the chemical composition 
studied by core level EELS showed the 1:1 B:N composition with remaining carbon 
impurities from partly reacted raw material below 5 %. Regarding their optical 
properties BN nanocapsules have an energy gap of about 5.3 eV similar to h-BN and 
MWBNNT. The IR responses reveal the strong dipole active fingerprint lines of h-BN 
with distinct differences, which are due to texturing effects.  In addition to core level 
excitations provide a method to derive the sp2 to sp3 ratio in BN species, which 
highlight the BN nanocapsules use as a reference source when deriving the sp2 to sp3 
ratio in BN species due to their random orientation. Raman spectroscopy studies show 
that finite size effects exist, namely, force constants are reduced and since the 
nanocapsules have a size distribution, the sharp resonance at 1367 cm-1 is washed out.  
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Chapter 5 
B-doped SWCNT as a prototype 
of p-type doping of carbon 
nanotubes 
The fascinating electronic and optical properties stimulated research in further 
detail on the doping dependence of boron substituted single wall carbon nanotubes at 
high boron content. A specially designed substitut ion process was used to produce 
nanotubes with about 15, 10, 5, and 1 at% of boron. Irrespective of the doping level of 
boron atoms, the nanotubes still exhibit some unique and common electronic and 
optical properties. The changes in the electronic properties of the nanotubes as a 
function of doping were investigated using bulk sensitive high resolution EELS and 
optical absorption spectroscopy. In addition, electron diffraction and transmission 
electron microscopy show that the morphology and the crystal structure are hardly 
altered compared to pristine nanotubes.  
 
5.1 Experimental background of the synthesis of B-doped SWCNT 
different concentration of boron 
 
The starting material was a black powder containing 40 wt% SWCNT with a mean 
diameter of 1.25 nm which was produced using the laser ablation method [91].  
 
 
 
 
 
 
 
 
 
 
 
 
 
A 5:1 mixture of the raw material and boron oxide was placed in an Al2O3 ceramic 
crucible. The crucible was put into a quartz tube, which was introduced into the hot 
Carrier Gas Pumping 
System
Furnace
Crucible
Alumina Tube
 
 
Fig. 5.1 Sketch of experimental setup used in the boron doped SWCNT process.  
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zone of a high temperature furnace. A schematic view of the experimental setup is 
shown in Fig. 5.1. One end of the quartz tube is connected to a high vacuum system 
(5*10-7 mbar base pressure) while the other end is attached to the gas inlet system for 
the ammonia or argon carrier gas (dependent on the experiment). After the base 
pressure was reached, a needle valve was used to adjust the ammonia flow up to a 
partial pressure around 10-5 mbar, dependent on the experiment, at room temperature. 
In order to activate the substitution reaction the furnace was heated to 1150°C within 
15min and kept at this temperature for four hours.  
This treatment caused the black substrate to become greyish. The resulting product 
was dispersed in acetone solution and dropped onto a KBr single crystal in order to 
obtain a thin film. The film was floated off in distilled water and mounted on standard 
microscopy grids for the TEM or EELS studies. Altogether, the reaction product was 
analysed by TEM, optical spectroscopy as well as EELS  [81]. A discussion on the 
results now follows.  
 
The parameters yielding the different boron concentrations are listed in Table 5.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Before continuing, it is worth noting that no simple relation between the parameters of 
the reaction (gas pressure, the sort of carrier gas and temperature) and the final boron 
concentration in the SWCNT was found. High concentrations of boron within the 
doped SWCNT were achieved with ammonia as the carrier gas. In addition, the higher 
the ammonia pressures in the reaction, the higher the doping concentration although 
no clear relationship could be seen between the pressure and boron concentration. No 
clear relationship between doping concentration and temperature was found either. So 
active was ammonia that in order to obtain samples with low doping concentrations, 
argon had to be used, as this was less reactive allowing low concentrations down to 
1 % B doping to be obtained. Details of the reaction parameters are given in table 5.1. 
 
 
 
Sample Temperature 
T [°C] 
Gas 
pressure 
[mbar] 
Gas Boron 
concentration 
[at%] 
1 1150 9⋅10-5 NH3 15 
2 1150 5⋅10-6 NH3 10 
3 1250 1·10-6 NH3 5 
4 1100 5·10-5 Ar 1 
     
Tab. 5.1 Synthesis parameters and the mean boron concentration for the boron-doped 
SWCNT. 
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5.1.1 Investigation on the morphology of  B-doped SWCNT samples 
 
Fig. 5.2 shows a typical TEM micrograph of the boron substituted SWCNT. Firstly, 
Fig. 5.2 demonstrates that after the substitution reaction well-ordered nanotube 
structures are present in the sample. Moreover, the procedure described above results 
in a purification of the SWCNT powder. The high temperature treatment in an 
ammonia atmosphere leads to a strong reduction of the characteristic impurities of the 
as-produced soot like amorphous carbon, catalyst particles or fullerenes. As depicted 
in the left panel of Fig. 5.2, besides the SWCNT only very few empty carbon shells 
and barely any metal particles remain.  
The TEM images exhibit no changes in the morphology, the diameter and the 
tendency to for the nanotubes to stay in bundles remains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
5.1.2  Local scale characterisation – 15 % of B in the SWCNT 
 
On a local scale, TEM and electron energy- loss spectroscopy (EELS) in the electron 
microscope can confirm the chemical composition of the sample which, in this case, 
in agreement with bulk sensitive EELS, showed the highest boron concentration to be 
15 at% of boron in the SWCNT. 
20 nm5 nm
20 nm
 
Fig. 5.2 TEM micrographes of 15 % (upper left), 10 % (uper right), 5 % (bottom 
left) and 1 % (botoom right) B-doped SWCNT. 
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Local EELS measurements were conducted at the points depicted by the dotted lines 
in the high resolution TEM micrograph in the right panel of Figure 5.3. Fig. 5.3 
includes (left panel) the EELS spectrum from this measurement in the energy range 
between 150 and 500eV, with a lateral resolution of 2 nm. The excitation core edges 
of boron and carbon are easily identified. Both edges show a fine structure typical of 
an sp2 bonding configuration as in h-BN or SWCNT, respectively. No indication for 
excitations in the energy range of the nitrogen K edge can be observed within the 
sensitivity of the spectrometer (0.5 at%), despite the use of ammonia during the 
substitution procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the concentration profiles of B and C (see inset in the left panel), a quantitative 
analysis revealed that the average boron atomic concentration is around 15 at%. 
Moreover, the local boron concentration within a SWCNT bundle can range between 
10 at% and 20 at%, which is revealed by the chemical profile estimated basing on the 
area under the B1s edge and C1s edge. The same chemical analysis performed along 
several bundles evidenced a rather narrow dispersion of the boron concentration of 
about ± 5 at%, and in every case there was no sign for the presence of nitrogen in the 
nanotube structures. This striking absence of nitrogen can be ascribed to the already 
reported [113] formation of volatile CN compounds during the reaction of carbon with 
nitrogen. Additionally, this reaction produces defects in the walls of the nanotubes in 
the form of atomic vacancies. Altogether, these processes allow the incorporation of 
boron into the vacancies, hindering the formation of a separate boron nitride separated 
phase.  
 
 
 
 
 
Fig. 5.3 Left panel: Typical EELS spectrum from the position indicated by 
the dashed line in the profile concentration (inset), Right panel: TEM 
micrograph of boron doped SWCNT from which right panel data was 
obtained. The dots in the micrograph (see arrows) depict the positions used 
for the EELS analysis of the doping level. 
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5.1.3 Core level excitations as a tool for the estimation of sample composition and 
basics of electronic properties.  
 
The core level excitations of B1s and C1s were measured in order to estimate the 
boron concentration. Core edges are a useful tool not only for the analysis of the 
electronic properties but also for the composition of the samples. The sensitivity 
factor for boron is about ten times higher than for carbon.  This fact allows for a 
relatively easy calculation of the boron concentration in the compounds, viz. the ratio 
of the area under B1s core edge excitations to the area under C1s core edge 
excitations. The spectra for various concentrations are presented in Fig. 5.4 A – D (A 
- for the 15 % of B, B – 10 % of  B, C – 5 % of B, and D – 1 % of B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The B1s excitation edge shows a sharp peak at 192 eV related to the 1s→π* 
resonance and a weaker double peak at 199 eV corresponding to the 1s→σ* 
resonance. The position and overall shape is very similar to h-BN [111], and is 
concomitant to the absence of nitrogen in the sample [113]. The C1s edge shows 
features at 285.3 eV and 298 eV which are due to 1s→π* and 1s→σ* excitations, 
 
 
 
Fig. 5.4 A-D Core edge excitations for different concentrations of boron in 
SWCNT: 15 at%, 10 at%, 5 at%, 1 at%. 
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respectively [114]. The overall shape is similar to sp2 bonded SWCNT raw material. 
Consequently, the similarity of the C and B1s edges of the B-doped SWCNT and the 
sp2 bonded reference compounds demonstrates that this chemical bonding 
environment is hardly altered upon the substitution reaction. In the Fig. 5.4 a and b 
show the small bump at 295 eV that can be assigned to residual B2O3 from the 
precursor material. 
The presence of residual B2O3 was not uncommon. The removal of these unwanted 
impurities was accomplished by washing the sample in distilled water a few times 
until the subpeak (194 eV) decreased and is illustrated in Fig. 5.5 a-c, which shows 
the intensity of the boron oxide peak decreasing after washing in water for 0.5 h and 
3.5 h in comparison to the as produced B-doped sample with 10 at% doping levels 
(Fig. 5.5 a). Continued treatment further reduces the B2O3 signal (see Fig. 5.4 b).  
After each rinse the sample was heated to 500oC in vacuum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1.4  Electronic properties of B-doped SWCNT provided from EELS on the 
base of 15 % B-doped SWCNT 
 
Fig. 5.6 shows the B1s and C1s core excitation edges of B-doped SWCNT (solid) and 
the reference B1s and C1s spectra from multiwall boron nitride nanotubes and 
SWCNT respectively (dashed). The inset in Fig. 5.6 represents an expanded scale 
focusing on the threshold of the π* resonance of the C1s edges of B-doped SWCNT 
(solid) and pristine SWCNT (dashed). Essentially, excitation spectra represent in a 
first approximation the projected matrix element weighted density of unoccupied 
states of each atom participating in the band structure. In addition, final state effects 
of the remaining 1s core hole lead to a strong redistribution of the spectral weight. For 
instance, it is well established that in the case of 1s excitation edges of pristine 
SWCNT [115] and MWBNNT [111] both the π* and σ* onsets are dominated by 
spectral weight resulting from the influence of the core hole. Thus, assuming the same 
interaction between the excited electron and the core-hole in B-doped SWCNT, one 
can expect that the π* resonance related to the DOS singularities of the different types 
Fig. 5.5  (a-c) evolution of the B1s excitations edge of a 10 at% sample after 
different purification times in H2O as indicated by the numbers. 
 
b 
 
c 
 
a 
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of SWCNT are washed out, resulting in the broad π* resonances. Nevertheless, the 
edges can be used to study some details in the electronic structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The comparison of the B1s spectrum of the B-doped SWCNT with that of the BN 
nanotubes indicates that the chemical environment of boron is rather similar to that 
expected for an sp2 hybridized environment, as it is also characteristic of h-BN, which 
constitutes clear experimental confirmation that the boron atoms are incorporated into 
the hexagonal lattice structure of the nanotube, in good agreement with the theoretical 
predictions [67, 116, 117]. The area below the π* resonance gives a measure of the 
charge transfer and bonding environment. We observe that the B1s→π* peak is about 
13 % lower in the B-doped SWCNT than in the MWBNNT, which shows that there is 
a different charge distribution within the B-C bonds which results in a higher electron 
density at the boron site. Turning back to the C1s excitation spectra, the inset of 
Fig. 5.6 provides evidence for the appearance of additional unoccupied states of 
carbon character in the electronic structure of the B-doped SWCNT, as clearly shown 
by the low energy shoulder observed at the C1s excitation threshold and indicated by 
the arrow. The energy position of this feature can be roughly estimated around 0.7 eV 
below the corresponding C1s→π* threshold of the pure SWCNT. In analogy to p-
type doping in graphite intercalation compounds [118] the presence of this doping 
induced feature reflects that the Fermi level of the B-doped SWCNT shifts to lower 
energies with respect to that of the SWCNT. Although the corresponding total shift of 
the Fermi level from a comparison of both spectra alone can be complicated by 
additional effects like different excitonic effects or the mixture of semiconducting and 
Fig. 5.6 B1s (left) ad C1s (right) EELS spectra of B-doped SWCNT. Right 
inset: expended scale to focus on the C1s→π* excitation onset. The dashed 
lines represent the reference spectra from the B1s excitation edge of 
MWBNNT [111] and the C1s edge of pristine SWCNT, respectively. The 
spectra are normalized to the respective 1s→σ* excitation peaks at 199 eV and 
292 eV for B and C, respectively. 
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metallic tubes, the observed shift by 0.7 eV of the C1s excitation onset establishes a 
good estimate for the Fermi level shift assuming a rigid band shift without strong 
changes of the SWCNT band structure as it is observed for instance for FeCl3 
intercalated SWCNT [119]. Hence, the shift in the onset of spectral weight and the 
increase of the response of the π* resonance confirms that there exists a charge 
transfer from the boron atom to the C-derived bands. However, the analysis of 
Fig. 5.8 indicates that the shoulder is only about 6 % of the total area, suggesting a 
charge transfer to carbon derived states of ~1/2 hole per boron atom which is lower 
than the estimation by Mele et al. [118] for B doped graphite (~0.8 holes per B). This 
difference in the charge transfer also means a different charge delocalization around 
the B site and therefore is a hint for a different bonding environment in the B-doped 
SWCNT as compared to B-doped graphite. In other words the boron doping of 
SWCNT cannot be solely explained within the framework of a simple rigid band 
model and additional changes in the nanotubes band structure have to be taken into 
account. 
 
5.1.5 IR response of systematically B-doped SWCNT 
 
The vibrational properties of the reaction product were analysed using infrared 
absorption spectroscopy. Three fingerprint lines were observed, a peak at 807 cm-1, a 
broad shoulder at 1050 cm-1 and a stronger peak at 1385 cm-1, which all are 
asymmetric (Fig. 5.7). The positions of the peaks are the same for each sample and it 
is an indication of the homogeneity of the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.7 IR response of boron doped SWCNT. 
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As compared to the corresponding peaks in the SWCNT IR response [120] the modes 
at 807 cm-1 and at 1385 cm-1 are shifted to lower energies. The broad mode at 
1050 cm-1 is related to typical boron carbide related phonons [121]. Assuming a 
simple force constant model the effect of the reduced mass of the B atom should lead 
to a blue shift of the vibrations. Since this is obviously not the case the change of the 
peak positions are due to a change in the force constants. This is in good agreement 
with other boron carbides which also show that C-C force constant is much higher 
then B-C force constant yielding an effective  downshift of the vibrations [122]. 
 
 
5.1.6 Optical properties of B-doped SWCNT 
 
 The optical measurements of B-doped single wall carbon nanotubes also 
reveal very interesting and unique properties. The peak positions and the allowed 
optical transitions are shown in Fig. 5.8 in the energy range between 0.2 eV and 
2.25 eV for 5, 10 and 15 at% B-doped SWCNT.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Typical optical transitions between Van Hove singularities are observed at 0.75 eV, 
the first transition for semiconducting tubes, and at 1.35 eV , the second transition for 
semiconducting tubes and at 1.93 eV, the first allowed transition for metallic 
tubes [46]. The intensity of the peak related to the metallic tubes does not change 
significantly. This suggests that the substitution process less affects the metallic tubes 
in energy range between 0.3 eV and 2.35 eV for 5, 10 and 15 at% B-doped SWCNT.  
i.e. the substitution method leads to preferential boron substitution of the 
semiconducting tubes over metallic tubes. A new peak at about 0.4 eV is present in 
Fig. 5.8 Uv-Vis spectra of B-doped SWCNT: 15 % of B (dot dot dashed 
line), 10 % of B (dot dashed line), 5 % of B (dotted line in comparison to 
the raw material (solid line). 
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the absorption spectra for all samples but the intensity decreases when the boron 
concentration decreases. It is very well pronounced for the 15 at% B-doped sample 
and much weaker for 5, 10 at% of B-doped SWCNT.  This additional peak will be 
discussed in section 5.2 and is assigned to an optical excitation from the valence band 
to a new acceptor band created by the incorporation of boron into the single wall 
carbon nanotubes, which is in good agreement with ab initio calculations for the 
electronic structure of SWCNT with 12.5 %  and 6.25 % B content (see section 5.2). 
 
5.1.7 Detailed analysis of the  optical properties of 15% B-doped SWCNT 
 
The normalized optical absorption response of both B-doped SWCNT and pristine 
SWCNT are shown in Figure 5.9 between 0.2 eV and 2.8 eV. In order to determine 
the relative peak intensities the spectra were normalized and the background was 
subtracted as described in detail previously [123]. The spectrum of pristine SWCNT 
is dominated by two strong absorptions at 0.75 eV and 1.35 eV attributed to the two 
first allowed optical transitions between the van Hove singularities of the 
semiconducting SWCNT (with an average tube radius of 14 Å ) and a less intense 
feature at 1.93 eV corresponding to the first transition in metallic SWCNT. 
Essentially, the spectrum of B-doped SWCNT show the same absorption peaks as the 
pure SWCNT but with an overall reduced intensity for the peaks originating from 
semiconducting tubes and with the same intensity for the metallic peak.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In particular the peak at 0.75 eV, which was successfully used to determine the yield 
in pristine nanotube samples [16] is reduced to about 20 % of its original (pristine) 
intensity. The fact that the metallic tubes are less affected by the substitution reaction 
than the semiconducting ones is consistent with calculations by Blase et al. [124] who 
reported that the growth-yield of metallic B-SWCNT is much lower than that of the 
semiconducting tubes. Nevertheless, further studies sensitive to the electronic 
properties of either metallic or semiconducting tubes should be carried out in order to 
understand the observe difference. 
 
 
  
 Fig. 5.9 Optical absorption spectra of B-doped SWCNT (solid) and pristine 
SWCNT (dashed).  
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Interestingly, a new absorption peak shows up at about 0.4 eV in the case of the B-
doped SWCNT, which is assigned to an optical excitation from the valence band into 
a new unoccupied acceptor- like band induced by the boron substitution. Additional 
experiments using samples with a lower substitution levels of about 5 at%  and 
10 at% of B revealed that the position of this new absorption peak remains basically 
unchanged, whereas the spectral weight is strongly reduced (see Fig. 5.8) [125]. This 
peak cannot be explained through a band rigid model, since this would imply a Fermi 
level shift leading to the effective disappearance of some optical transitions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10 shows the results from tight binding calculations (band structure and DOS) 
for the carbon nanotube (14, 0) with a diameter ~1.23 nm (left panel) and for a 
randomly boron doped carbon nanotube (right panel). The Fermi level (EF) is shifted 
about 1.6 eV in the doped sample and such a shift would result in the optical 
absorption transitions ( sE11 , 
sE22  and 
mE11 ) vanishing what is not observed. Thus, this 
fact and the fact that the peak position (0.4 eV) does not shift with doping level lend  
credence to the formation of a new structure, namely BC3, which is discussed in detail 
in section 5.2. 
 
5.1.8 Conclusions  
 
In conclusion, a novel adapted route for the preparation of B-doped single walled 
carbon nanotubes was presented. It was shown that the incorporation of the boron 
atoms into SWCNT graphene network is possible. The systematic experiments 
resulted in 1, 5, 10 and 15 at% of B in SWCNT. Regardless of the boron 
concentration the optical absorption spectra demonstrate the formation of a new 
acceptor band in the electronic structure of the semiconducting tubes.The bulk and 
local scale analysis demonstrate the production of purified bundles of single walled 
carbon nanotubes with an averaged substitutional boron concentration of 15 at%, 
which locally can vary between 10 at% and 20 at%. Furthermore, the comprehensive 
analysis unambiguously indicates that the substituted boron is present in a sp2 
hybridization as one would expect for boron atoms substituting carbons in a SWCNT 
structure.  
EF 
EF 
Fig. 5.10 Tight binding calculations for the carbon nanotube (14, 0) with the 
diameter ~1.23 nm for undoped material (left panel) and for randomly doped with 
boron (right panel). EF represents the position of fermi level. 
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5.2 BC3 single wall nanotubes 
5.2.1 Band structure calculations and interpretation of experimental              
         results 
 
In this section the theoretical study on the optical and electronic properties of highly 
boron substituted (up to 15%) single wall carbon nanotubes will be reported. L. Wirtz 
and A. Rubio from Department of Material Physics at University of the Basque 
Country in San Sebastián, Spain, performed the theoretical calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Core level electron energy- loss spectroscopy reveals that the boron incorporates into 
the lattice structure of the tubes, transferring about ~1/2 hole per boron atom into the 
carbon derived unoccupied density of states. The charge transfer and the calculated 
Fermi energy shift in the doped nanotubes evidence that a simple rigid band model 
can be ruled out and that additional effects like charge localisation and doping 
induced band structure changes play an important role at this high doping levels. The 
results from a series of ab-initio calculations along with the experimental results 
 
Fig. 5.11 Band structure, DOS and joint DOS divided by E2 of a C (16,0) tube with a) 
0 %, b) 6.25 %, c) 12.5 %, d) 25 %  selective boron doping. Zero energy denotes the 
Fermi energy. Filled states are indicating by grey shadowing. Also displayed are 
corresponding unit cells (C atoms black, B atoms white). 
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support the concept of selective doping of the semiconducting nanotubes and the 
formation of BC3 nanotubes rather than homogenous random boron substitution. 
In order to elucidate the observed effects of B substitution on the electronic properties 
of SWCNT, L. Wirtz has performed a series of DFT-LDA band structure calculations 
[126].  
 
The example of a semiconducting (16,0) tube with a diameter of 12.5 Å, which is 
close to the mean diameter of the SWCNT sample used in the experiment, was used. 
In order to elucidate the effect of the boron concentration on the electronic structure, 
he presents in Fig. 5.11 the band structure and the density of states (DOS) with 
different degrees of B-substitution.  
Clearly, the stronger the doping, the stronger the shift of the Fermi level. For a 
substitution level of 25 %, the level shift reaches 2.2 eV. The rigid band shift model 
(shift of the Fermi level without altering the band structure) clearly breaks down for 
strong concentrations. Above the highest occupied state of the undoped tube new 
bands are formed. This corresponds to the formation of an acceptor level (unoccupied 
state within the band gap) in semiconductors with very low dopant concentration. 
However, in the present case, due to the strong concentration of boron atoms, the 
acceptor levels hybridize with the carbon levels and form strongly dispersive 
''acceptor-bands'', i.e. new bands that are unoccupied due to the lower number of 
valence electrons of the boron atoms. Correspondingly, in the DOS, new unoccupied 
vHS appear giving rise to additional possibilities for electronic excitations. 
It is expected that the additional peak at 0.4 eV in the absorption spectrum (Fig. 5.9) 
is due to electron-excitation from the occupied valence states into one of these 
acceptor-bands. Indeed, the joint DOS (divided by E2) in Fig. 5.11 displays peaks in 
the energy region between 0.2 and 0.6 eV. The exact position of the additional peaks 
is, however, strongly dependent on the doping-concentration. Furthermore, 
calculations with the same degree of substitution but with different arrangement of the 
boron atoms show large differences in the formation of acceptor bands [127]. In 
particular, self-consistent tight-binding calculations with a pseudo-random ordering of 
boron atoms in a large supercell containing several hundred atoms display a smearing 
out of the vHS pattern [127]. In that case, a quasi-continuous set of electronic 
transitions would completely wash out the optical absorption spectrum. Hence, these 
results do not at all fit to the experimental observations. Due to the strong dependence 
of the band structure on the degree of substitution and the particular arrangement of 
the boron atoms, one can conclude that the observed optical absorption spectra in Fig. 
5.9 can be best explained with the assumption that only one particular kind of boron 
substituted tubes is formed in the experiment, namely BC3. Only a subset of tubes 
from the sample are doped (with a corresponding higher concentration) while the 
other tubes remain almost pure carbon tubes. This explains the stable peak positions 
in the spectra. The peaks at 0.7 and 1.4 eV are due to the transitions between first and 
second vHS in the pure semiconducting carbon tubes. In strongly B-doped samples 
they should disappear because of the Fermi level lowering. However, the survival of a 
large fraction of pure carbon tubes explains the survival of these peaks and the 
decreasing intensity with increasing fraction of boron atoms in the sample. The 
unchanged intensity of the peak at 1.9 eV is consistent with the assumption that 
metallic tubes are less susceptible for boron substitution [125]. 
The formation of BC3 tubes in our samples (25 % substitution), which is consistent 
with the average degree of substitution (up to 15 %) in the sample, can be assumed. 
The BC3 structure has been shown to be relatively stable (with respect to other 
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arrangements) both for the sheet [128] and for single wall tubes [129]. The relative 
stability is likely connected with the fact, that these tubes are semiconducting with a 
gap between the occupied π-orbitals and the π-orbitals which are unoccupied due to 
the electron deficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig. 5.12 a) and b) the band structure and DOS of a BC3(3,3) tube [126] is 
presented. The tube displays a band-gap of 0.4 eV between occupied and unoccupied 
π-orbitals in agreement with the tight-binding band structure of Ref.[129]. The joint 
density of states (divided by E2 in Fig. 5.12 c) displays accordingly the first vertical 
transition at about 0.4 eV in very good agreement with the observed absorption peak. 
It is noted that calculations of the optical response [126] (dashed line in Fig. 5.12 c) of 
such a perfect BC3 nanotube show that the first optically allowed transition is at about 
1.8 eV (very similar to hexagonal BC3 sheets). The fact that we observe a peak at 
0.4 eV can be explained by symmetry breaking due to defects, which are created 
during the substitution process. 
 
The formation of BC3 SWNT during the substitution process also explains the higher 
local boron concentration observed on selected TEM spots and the remaining optical 
response of the pristine SWCNT. Furthermore, different concentrations of BC3 tubes 
at different substitution levels also explain why the acceptor induced absorption peak 
 
 
Fig. 5.12 (a) Band structure of BC3(3,3) nanotube (Fermi energy at 0 eV). b) 
density of states (filled states shadowed with grey), c) Joint density of states 
divided by E2 (solid line) and calculated optical absorption (dashed line) of a 
perfect infinite BC3(3,3) tube with light polarization along the tube axis. d) 
Sketch of the unit-cell. 
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does not shift by changing the doping level between 1 % and 15 %. As a final 
consistency check it can be estimated the upper limit for the substitution level from 
the decrease of the first absorption peaks of the semiconducting and metallic SWCNT 
assuming that all of the remaining response is from none substituted nanotubes [126]. 
Since BC3 corresponds to 25 % B substitution and from the decrease of the SWCNT 
intensity about 80 % of the semiconducting SWCNT and within the experimental 
error none of the metallic tubes are doped we end up with an average doping level of 
about 13 % in very good agreement with the value derived from the core level 
excitation measurements. Compared to boron doped silicon or graphite, there are 
distinct differences since the dopant concentration in our case is orders of magnitude 
higher than in classical semiconductor physics. Due to the high doping level a new 
stable hexagonal BC3 structure is formed where the boron levels acceptor bands. 
 
5.2.2 Conclusions 
 
LDA band structure calculations were studied. Core level excitation spectroscopy of 
the B1s and C1s edges revealed that the boron atoms substitute carbon atoms in the 
tube lattice keeping an sp2-like bond with their nearest C neighbour atoms. The 
effective charge transfer to the C derived conduction bands is about 0.5 holes per 
substituted B atom. Optical absorption indicates the formation of an acceptor-like 
band in the band structure of the semiconducting tubes. This is nicely confirmed by 
ab-initio calculations of the electronic structure of a BC3 single wall nanotubes. The 
electronic structure characteristic of the B-doped SWCNT is influenced by a strong 
hybridization of the B and C valence orbitals. Our results show that a simple rigid 
band model as has been applied previously to intercalated SWCNT is not sufficient to 
explain the changes in the electronic properties of highly doped B-SWCNT and a new 
type of a highly defective BC3 SWNT with new electronic properties is observed. 
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Chapter 6 
Formation of silicon carbide 
nanotubes and nanofibers via 
thermally induced templated 
synthesis 
 
A thermally induced templated synthesis for SiC nanotubes and nanofibers using 
ammonia or N2 as carrier gas, SWCNT as templates as well as vaporised Si is 
presented in this chapter.  The bundles of SWCNT act as both the carbon source and 
as a nanoframe from which SiC structures form. Depending on the duration of the 
thermally induced templated reaction, for a fixed temperature, carrier gas, and gas 
pressure, various SiC nanostructures are obtained. These structures include SiC 
nanorods coated in C, SiC nanorods, SiC nanotubes, and SiC nanocrytals. From the 
analysis using TEM and SEM, high resolution EELS in transmission, ED, optical 
absorption spectroscopy and Raman spectroscopy as probes we prove that the 
presence of hydrogen during the formation process has a key role on the morphology 
and stochiometry of the different SiC nanostructures. 
6.1 Synthesis and experimental details of the preparation procedure 
 
 The starting material was a black powder containing 40 % of SWCNT with a 
mean diameter of 1.25 nm produced by a laser ablation process [91]. The carrier gases 
used were ammonia purity (99.96 %) and nitrogen (purity 99.9999), and the source of 
silicon was commercial silicon powder (Goodfellows, 99.99 %). The SWCNT and Si 
were placed in an Al2O3 crucible to a ratio of 1:1. The crucible plus contents was then 
placed at the centre of a horizontal tube furnace (Carbolite STF 16/180). A schematic 
view of the experimental setup is the same as that used for the B-doped SWCNT 
preparation as previously presented in Fig. 5.1. The system can be evacuated allowing 
the base pressure to be reduced to about 10-7 mbar prior to commencement of the 
thermally induced templated synthesis. A highly sensitive needle valve then controls 
the carrier gas entry that in this instance was ammonia at a base pressure of 
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5*10-5 mbar (any deviations are stated). A reaction temperature of 1450oC was used 
throughout unless otherwise indicated. Dwell times of 0.5, 4, 8 and 20 h were used 
with a heat up period of 0.5 h and a cool down time of several hours. After the 
thermally induced templated synthesis the resultant material was removed from the 
crucible, which consisted of a portion that was light grey, and the remainder was 
black unreacted SWCNT. The portion of light grey material increased with the 
reaction time such that the 20 h sample contained only light grey material. The light 
grey material was then carefully separated for analysis manually.  
For optical absorption measurements the product was dispersed in acetone in an 
ultrasonic bath and dropped onto a KBr single crystal giving a thin homogeneous 
film. For all other measurements tiny quantities of the product were pressed onto 
standard platinised microscopy grids were upon they were annealed at 450oC for 12 h 
in vacuum prior to measurement so as to remove contaminants. 
 
6.2 Morphology and structural analysis 
 
The first sample (A) was produced with a reaction time of 0.5 h and yielded soot 
containing two species; a grey material in the centre and the remainder surrounding 
which was black, concomitant to the starting SWCNT. SEM Analysis of the grey 
product showed a mass of long strands best described as spaghetti- like and a typical 
micrograph is shown in Fig 6.1. The presented structures are far away from the 
starting SWCNT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A more detailed analysis of this material was conducted using TEM. A typical TEM 
analysis of the grey sample (Fig. 6.2 a) shows that the SWCNT bundles are fully 
transformed into carbon coated SiC nanorods. Their diameters ranged from 20 to 
60 nm. The SiC nanorods characteristically show SiC twisting and stacking faults [73- 
75] as also seen in the other samples, e.g. Fig. 6.3 c. In order to analyse the sample 
stoichiometry we performed a cross section EELS analysis across the produced 
nanofibre (Si2p and C1s edges) (black dotted line in Fig. 6.2 a). The results are 
depicted in Fig. 6.2 b for a Si and C mapping. It can easily be seen that whereas the Si 
signal peaks at the centre of the rod, the C signal has two additional maxima at the 
Fig. 6.1 SEM micrographes of sample (A) prepared at 1450°C for 0.5 h in NH3. 
3.6 µm 200 nm
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border of the nanofibre demonstrating the fibres are comprised of a solid centre 
consisting of Si and C encased in a C shell some 3-10 nm thick. From an analysis of 
the core scattering geometry the ratio of C to Si was found to be slightly greater than 
unity. In addition, TEM analysis of the black material shows the beginnings of the 
formation process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
The micrograph in Fig. 6.2 d revealed SWCNT bundles of which parts had been 
altered and appeared to have partial SiC crystal formation (upper left corner). The 
small round particles seen in the figure are catalyst particles. EELS mapping of the 
partia lly converted bundles showed that the unaffected regions were solely comprised 
of carbon, viz. no presence of Si was found within the SWCNT bundles. Where the 
20 nm
  
a) 
b) 
c) d) 
Fig. 6.2 TEM images of sample (A) prepared at 1450°C for 0.5 h in NH3 (a, c ,d) 
and profile concentration from EELS mapping indicating carbon coated SiC 
nanorods (across the dotted line in image ’a’). 
b) 
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new structure had begun to form and even at the interface with the SWCNT the same 
core Si and C base, with a C shell encasing it, was found. 
  Now the analysis of sample B with a 5 h reaction time, which yields a greyish 
powder similar to sample A, will be performed. The typical TEM micrographs of 
Fig. 6.3 these samples contain long nanostructures (up to several µm in length) which 
are on the whole wider (20-100 nm) than those in sample A. The long nanostructures 
are randomly oriented and have an uneven morphology that can be described as 
bulbous. Furthermore, the TEM images show that the structures also show lines due 
to stacking faults typical of SiC (Fig. 6.3 a); in general these samples generally exhibit 
fewer stacking faults as compared to other SiC nanorods and nanotubes produced by 
different methods [73-75]. TEM EELS mapping of the structures showed two types of 
structures, one in which the C and Si profiles are more parabolic in shape as shown in 
Fig. 6.3 b, and others that have flatter maxima. The estimated Si/C ratio is about 1:1, 
and the nanorods do not have an additional C coating as in sample A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With a further increase in the reaction time (8 h reaction, sample C) the resultant 
product yielded a greater quantity of light grey material as compared to samples A 
and B. TEM and SEM analysis (depicted in Fig. 6.4 a and b) revealed that the sample 
morphology changed into nanotubes and nanorods with much larger diameters (40 – 
250 nm), again, with a non-uniform, bulbous morphology and randomly oriented. 
Furthermore, the TEM images show that the structures also show lines due to stacking 
faults. In addition, the catalyst particles are no longer present since 1450oC is 
sufficient to evaporate them away. In fact, SWCNT are sometimes purified simply by 
heating at high temperature [130]. EDX and EELS (TEM) confirmed the 
nanostructures to be SiC with Si:C ratios of unity. A number of these structures were 
then subjected to EELS mapping and the results were striking showing three main 
types of SiC nanostructures : 
1. SiC nanorods – Si and C core edge EELS signals increase to a maximum 
and then decrease in unison. (e.g. Fig. 6.3 b) 
2. SiC nanorods with porous centres – Si and C core edge EELS signals 
increase, then flatten and then decrease. (e.g. Fig. 6.4 c) 
 
a) b) 
Fig. 6.3  a. TEM image of  SiC nanorod, b. TEM EELS map of SiC nanorod 
(Sample B) Si – solid line. 
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3. SiC nanorods with hollow centres, in otherwords, SiC nanotubes - Si and C 
core edge EELS signals increase and decrease with a dip in the middle. (e.g. 
Fig. 6.4 d) 
Most structures were of type 3 (~70 %) and of the remaining structures more were 
of type 2 than of type 1. Furthermore, the general diameter sizes increased with 
increasing type number (as shown in Table 6.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 In addition to the above types some SiC nanocrystals with sizes as listed in Table 
6.1 (below 5 % of the sample) are present.  
 
 
 
 
 
 
200 nm
 
a) b) 
c) 
Fig. 6.4 a. SEM of SiC nanorod/nanotube (Cu grid beneath). b. TEM of SiC 
nanorod/nanotube showing bulbous morphology. c. TEM-EELS map of porous 
SiC nanorod, Si – solid line, C – dashed line, d. TEM-EELS map of hollow SiC 
nanrod (nanotube) Si – solid line, C – dotted line. 
 
d) 
75 
                                                                                                                                                                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The presence of SiC nanocrystals was also true for the other samples (see Table 
6.1). Furthermore, all samples contained a remaining fraction of unmodified SWCNT 
(below 2 % in the grey material), which can be easily removed by calcination. The 
presence of tubular SiC is exciting and so a more detailed study of the SEM images 
ensued to determine if any open-ended tubes were present as is the case for SiC 
nanotubes produced via the shape memory synthesis techniques [73-75]. Only a few 
potentially open-ended tubes were located (Fig. 6.5), suggesting most are closed. 
Further increasing the reaction time to 12 h (sample D) yielded a somewhat 
surprising result namely, the lack of any SiC nanorods or nanotubes when analysed by 
TEM. The sample consisted simply of SiC nanocrystals (e.g. Fig. 6.6). The result 
became less surprising later and is discussed in more detail farther on. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sample corresponding to the longest reaction time of 20 h (sample E) also 
yielded interesting results, in that this sample had no SWCNT remaining and the 
volume of material had significantly decreased such that only minute quantities of 
very light grey material remained on the walls of the tube.  
  
1 µm
 
Fig. 6.5 SEM of SiC 
Nanorods and Nanotubes 
(open ended nanotube 
indicated by arrow). 
20 nm
5 nm  
a) 
b) 
Fig. 6.6  TEM images SiC nanocrystal under two magnifications. 
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TEM analysis of the structures showed the material to be almost entirely composed 
of SiC nanocrystals with the odd nanorods an order of magnitude narrower in 
diameter than those produced in the 8 h sample. Additionally, their morphology was 
much smoother and virtually no stacking faults were observed. EELS mapping 
revealed the structures to be nanorods composed primarily of Si and C with hints of 
Al and N. We suspect this is due to contamination from the crucible walls limiting the 
pertinent information that may be drawn from this sample to the fact that the vast 
majority of the material had disappeared from the crucible.    
Now the importance of the carrier gas on the formation process of SiC 
nanostructures will be pointed out. As a check a 9 h sample (F) was prepared using N2 
instead of ammonia as the carrier gas. This resulted in a significantly lower yield of 
grey material within the reaction crucible, and in addition this grey material was 
found nearer the base where the Si powder resides at the beginning of the reaction. 
TEM images (e.g. Fig. 6.7 a) showed SiC nanorods whose diameters were an order of 
magnitude less than the 8 h sample produced with NH3 as the carrier gas and a few 
nanocrystals. Since NH3 is known to decompose at these temperatures into H and N, 
this observation suggests that H plays a key role in the synthesis of bulk scale 
material; although it is not a prerequisite for the formation of SiC since in this sample 
we have prepared SiC nanorods with N2 as the carrier gas and SiC nanostructures 
have been observed to form with C60 and CNT in contact with Si at high temperature, 
even in vacuum [131, 132].  None-the- less, there are marked differences when using 
NH3, suggesting H has a key role especially in the formation of SiC nanotubes. TEM 
EELS mapping and electron diffraction of these (sample F) nanorods confirmed them 
to be crystalline SiC (Fig 6.7 b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For ease, the fundamental aspects of the various samples are summarised in Table 
6.1. One can see that there are clear differences between the type of carrier gas used 
with only NH3 yielding porous and hollow nanorods and also gives rise to larger 
diameter nanostructures. Furthermore, it shows how the outer diameters increase from 
SiC nanorods to porous nanorods and onto hollow nanorods (nanotubes). 
In addition to the local scale analysis, several bulk scale experiments were performed, 
in order to get further insight in the structure and local bonding environment. 
 
a) b) 
Fig. 6.7  From sample F: a. TEM image of SiC nanorod (sample F) b. EELS 
map of a SiC nanorod 
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The structural analysis was performed by electron diffraction in our purpose built 
high resolution EELS spectrometer by setting the energy loss to zero. All samples 
showed diffraction patterns indicating of a mix of the SiC a and ß phases with random 
orientation. A detailed analysis of the exact phase ratios is complicated by multiple 
scattering corrections between different samples. Nevertheless, one can analyse some 
general trends. In all phases the intensity ratio between the individual Bragg peaks in 
the SiC nanostructures are similar pointing out that the reaction process leads to the 
simultaneous formation of a variety of SiC polytypes with neither of the two a or ß 
phases dominating. TEM electron diffraction patterns also showed the presence of 
both the a and ß phases. This is surprising as it is well known that the ß phase usually 
forms at lower temperatures around 1200oC whilst the a phase formation is dependant 
on the thermodynamic conditions [133] and usually requires higher temperatures.  
Bulk sensitive EELS studies with high energy resolution allow the local electronic 
structure, bonding and chemical environment to be studied using core level 
excitations and are a useful tool to check sample composition. The core edges for Si, 
C, N, and O were measured. Only signals for Si and C were detected. The results of 
the corresponding edges after strapping the background and normalizing are depicted 
in Fig. 6.8 for samples A and C, and a SiC reference sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The bulk scale analysis of the various samples show the Si to C carbon ratios to be 
about 1:1 as expected for SiC. Furthermore, the first peak and most pronounced peak 
from the C1s excitation core edge, the so called π* resonance at 285 eV is indicative 
of carbon in an sp2 environment, thus, it is strong for graphite and not present in 
diamond. Fig. 6.8 a clearly shows that the π* resonance for sample C is similar to that 
of the reference SiC sample where C - C bonds are not present and was true for the 
Sample name 
Sample 
reaction 
time (hs) 
Gas 
SiC 
nanorod 
diameter (nm) 
SiC 
porous 
diameter (nm) 
SiC 
nanotube  
diameter (nm) 
SiC nanocrytals 
size (nm) 
A 0.5 NH3 
10 – 60 
(plus C 
sheath) 
- - 20 - 120 
B 5 NH3 20 - 60 40 - 100 - 30 - 200 
C 8 NH3 40 - 80 70 - 150 
100 - 
250 
50 - 500 
F 9 N2 10 - 50 - - 20 - 80 
D 12 NH3 - - - 50 - 400 
E 20 NH  10 - 40 - - 5 - 100 
Tab. 6.1 Experimental and structural analysis of all samples presented in chapter 6. 
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other samples with the exception of sample A. In sample A the π* resonance is higher 
and is due to the C coating around the SiC nanofibres. These data are in good 
agreement with the TEM data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
b) 
Fig. 6.8 EELS core level spectra (offset for easy viewing) for samples A (dash 
dot), C (dot) SiC reference (solid). a. C1s core edges b. Si2p core edges, vertical 
line dontes position for pure Si core edge 
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EELS core level excitations also allow one to check the local bonding at the Si site.  
Fig 6.8 b shows the Si2p edge for some of the samples. The line at 101 eV indictates 
where the main peak from pure Si would lie and when compared to the obtained 
spectra one sees that there is no contribution from Si particles indicating that there is 
no superposition of spectral features from SiC and crystalline Si [134], consistent with 
no crystalline Si or Si coatings being observed in the previous studies. The main SiC 
peak at 104.2 eV is common for all SiC nanostructures, as well as for the 
polycrystalline SiC reference.  The intensity of this peak is a measure for the local 
bonding environment at the Si site. In general, these peaks increase or decrease 
slightly relative to that of the reference sample, pointing to slight changes in electron 
density at the Si site for the nanostructures as compared to the polycrystalline SiC 
reference compound.  
 
The vibrational properties of the various samples were also analysed by Raman and 
infrared spectroscopy. The Raman results are presented in Fig. 6.9 for the samples A, 
C and F as they best highlight differences at different stages of the reaction process or 
in the case of sample F, differences due to N2 as the carrier gas as opposed to NH3. 
The Raman spectra of  ß SiC is very often used as fingerprint for the different forms 
of ß SiC since the hexagonal stacking sequences yield to phonon dispersion curves 
which are folded in the [00?] direction, giving rise to new characteristic phonon 
modes [135]. In addition there are variations in the phonon modes between each 
polytype. Bearing this in mind it is easy to see that a sample composed of multiple 
polytypes will yield a broad response. Furthermore, the responses might be further 
broadened due to finite size effects, where essentially, the force constants are reduced 
due to finite size, giving rise to a red shift in the Raman frequency and since the 
nanostructures have a variety of sizes these red shifts will have a frequency 
distribution. 
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Fig. 6.9 Raman spectra for samples A (solid), C (dash), F (dot-dash). 
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In general the Raman spectra show the broad features with maxima around 
940 cm-1, 800 cm-1 and 480 cm-1. The broad feature around 940 cm-1 corresponds to 
folded longitudinal optical (FLO) modes. As expected, the FLO(0) mode around 
940 cm-1 is the strongest of the modes as strictly speaking it is unfolded  [135]. The 
transverse optical (TO) mode around 800 cm-1 is the weakest of the 3 main observable 
features and is highly dependant on the excitation energy  [136], which probably 
accounts for it being relatively weak under NdYag excitation. The third broad peak 
around 480 cm-1 primarily relates to amorphous SiC [137], however contributions 
from crystalline SiC in this region from folded longitudinal acoustic (FLA) modes are 
also possible, although, these are relatively weak [136]. 
Sample A hardly shows any of these 3 peaks, with only a hint of the FLO(0) mode 
around 940 cm-1 being visible. The ratio of SWCNT to SiC is relatively high since the 
SiC formation process has only just begun, none the less it is not clear why the SiC 
lines are so weak. It may be that this early stage of the reaction process yields a high 
number of polytypes that simply wash out the signal. In addition the sizes of the 
structures are relatively smaller than those from the other samples and so increasing 
the contribution from finite nanoparticles. 
The spectra from sample C shows clearly the afore discussed features highlighting 
the presence of microcrystalline SiC and some amourphous SiC. [138] suggested that 
the FLO (0) frequency decreases with increasing hexagonality on the other hand [136] 
state that they did not find this, however they only measured a limited number of 
hexagonal polytypes. Sample C shows a sharp shoulder on the higher frequency side 
of the FLO (0) mode with the lower frequency side falling slowly, which would seem 
to confirm [138] suggestion. The spectrum from sample F does not show either of the 
two broad peaks for crystalline SiC and contains only a broad peak around 480 cm-1 
from amorphous SiC.  
The single broad peak around 480 cm-1 might suggest the nanostructures are formed 
from amorphous SiC. The nanorods from this sample as well as from sample A are an 
order of magnitude smaller than those from the other samples and both these samples 
do not clearly show SiC crystalline signatures in the Raman spectra despite electron 
diffraction experiments from our high resolution EELS (bulk scale) and from the 
TEM instrument (local) confirming that the nanostructures are crystalline. This 
indicates that finite size effects wash out the signals.  
In Fig. 6.10 the IR response from the SiC nanostructures is shown. 
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Fig. 6.10 FTIR spectra for all 
samples according to Table 6.1: 
A (long dash), B (dot), C 
(solid), D (short dash), F (dash 
dot). 
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The features between 700 cm-1 and 1000 cm-1 arise from the same phonon mode, 
which is susceptible to LO – TO splitting. The more pronounced peak at 796 cm-1 
corresponds to the transverse mode of the optical phonon (TO) whilst the shoulder at 
930 cm-1  corresponds to the longitudinal  optical mode (LO).  
The splitting of the LO - TO peak is not strongly dependent on the crystallinity of the 
sample whilst the position of the LO–TO resonance is dependent on crystallinity 
[139]. In our case all the spectra have the same position and indicate similar 
crystallinity in agreement with the electron diffraction studies. 
6.3 Discussion on the formation process 
Previous experiments where CNT are in direct contact with Si [132] provide some 
clues as to what reaction processes take place. In the following discussions we 
present, on the basis of these and our results, a tentative model for the reaction 
process yielding the formation of SiC nanostructures.  
In this case, clearly, it is evaporated Si which is the source of Si. The Si vapour 
might then settle in between the nanotubes of a bundle. Local scale EELS mapping of 
SWCNT in a bundle close to regions where crystal formation had begun showed no Si 
present suggesting that Si settles between tubes in a bundle. This then leaves the 
channel of surface diffusion as a means for SiC formation and is considered to be the 
channel by which CNT in direct contact with Si forms SiC under annealing, albeit at 
lower temperatures than used here. This is supported by our experiments at lower 
temperature and in vacuum (~10-7 mbar), which are not discussed here and in an N2 
atmosphere. This suggests that the carrier gas improves thermal conduction. This said 
though, the SiC in our experiments without the presence of hydrogen tended to yield 
only SiC nanorods and indicates H plays a role in the crystallisation process and is 
discussed further on. 
The fact that some SWCNT bundles in the black part of sample A had not been 
fully reacted with only small regions showing crystal formation with a C coating, 
along with the bulbous morphology of the longer reacted samples suggests the 
beginnings of the SiC formation occur in a localised manner. That is, some initial 
nucleation process occurs.  
A possibility could be that defects could serve as nucleation sites. Upon nucleation, 
crystal formation is then rapid since in the localised regions where formation was 
found to occur all had solid SiC centres with a C coating, viz. no partial conversion in 
the centre of the formation was observed, even at the interface of the formation with 
the SWCNT, and on the whole most SWCNT were fully converted to SiC with a C 
coating. Upon nucleation crystal growth will take place preferentially where there is 
C. Initially, this will be throughout the bundle, both within it and laterally. In addition, 
C atoms within the bundle that have been replaced by Si are free and able to diffuse 
outward and it is this outward diffusion of C that then forms a C sheath around the 
structure. Obviously, this C sheath is then itself a source of C that the Si vapour can 
diffuse into and leads to outward SiC growth so long as the reaction process is 
allowed to continue and explains the increasing diameter of the nanorods with 
reaction time, at least while the C from the SWCNT is available. Eventually, the 
entire C source (SWCNT bundle and C coating) is used and no further growth can 
take place and one might expect that at this point the reaction ceases and leaves only 
SiC nanorods. This is not the case, in that continued reaction yields tubular and 
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porous nanorods.  This would seem to suggest that the newly formed SiC does not 
stabilize under these conditions. The question then arises as to what would cause the 
formed SiC to be unstable? The answer would seem to be the presence of H in the 
system. It is well know that a-SiC can be hydrogenated and it has been shown that in 
a-SiC:H, H substitutes Si atoms [140]. We suspect that in our reaction H is 
substituting Si and may also be substituting C. However, H bonds are preferentially 
bonded to C as opposed to Si  [140]. Essentially, H can diffuse into the nanorods 
through faults and defects. A proportion of this H will be trapped within the nanorods 
where it can begin to subsitute Si (or C). Furthermore, some H can be embedded in 
the SiC during the formation process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition, at temperatures above 800oC the C – H bonds can break  [141]. Our 
reaction temperature is well above this and so it would be easy for hydrogenated SiC 
to decompose. The decomposing SiC will leave Si and C which can diffuse outward 
through the nano structures; it is known that diffusion can take place through faults 
and defects [132, 142] which we know to exist in our nanostructures from TEM 
SWCNT SWCNT with initial 
SiC formation
SiC nanorod 
coated in C
SiC nanorod SiC porous 
nanorod
SiC hollow 
nanorod  
Fig. 6.11 Schematic of various SiC nanostructure development phases. 
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micrograph stacking fault lines, and also the large number of polytypes evidenced by 
Raman studies would also suggest the possibility for a la rge number of stacking 
faults. The released Si and C can then reform on the outer surface as SiC and would 
increase its diameter (close TEM analysis show a fine amorphous SiC layer of the 
outside of the nanostructures some 1 – 4 nm wide e.g Fig. 6.6 b). This we observe as 
the nanorods becoming porous and eventually hollow and also wider. This can also 
explain why many hollow nanorods or nanotubes are closed ended. The greatest 
concentration of H would be at the centre of the nanorods and explains why they do 
not decompose evenly, but from the centre outward. 
Further reaction periods can lead to the eventual disappearance of the SiC 
nanotubes (hollow nanorods) as not all the outward diffused C and Si atoms would 
reform on the surface, because C could form CN and thus be removed and Si could 
then be recycled with other SiC nanostructures, SWCNT bundles or be lost in the gas 
flow. Again, our results support this. Analysis of the grey material produced in 
Sample E with no H present in the reaction process showed no porous or hollow 
nanorods and the produced nanorods were narrower in diameter. The decomposition 
of the SiC is further evidenced by the 20 h sample (F), which after the reaction 
showed no SWCNT remained, and only minute quantities of SiC nanostructures – a 
very clear indication of decomposed SiC nanorods and nanotubes.  
Thus, the formation order when H is present is from SWCNT to SiC nanorods coated 
in C, to SiC nanorods, to porous SiC nanorods to SiC nanotubes to eventual total 
decompsition. This process is illustrated in Fig. 6.11. 
6.4 Conclusions 
A series of SiC nanostructures was produced using a relatively simple and clean 
synthesis method. The SiC nanostructures have been analysed by SEM, TEM, EELS, 
FTIR and Raman techniques. The data show clearly that hydrogen plays a role in the 
formation of the structures through its ability to decompose SiC at high temperature 
such that along with the stacking faults that arise from the many polytypes of SiC the 
produced SiC nanorods become porous then hollow and eventually are completely 
decomposed. This effect of H on SiC at high temperature could be modified for the 
controlled etching of SiC films in micro/nano electronic applications. 
Further studies will concentrate on optimising the production of the nanostructures 
in terms of defined structure and diameter distribution, and will include using 
MWCNT as the starting nanoframes. In addition, a detailed analysis of the electronic 
properties will be conducted. Such studies have relevance for the use of SiC/SWCNT 
contacts and a better understanding of the role of H in such reactions and are also of 
interest in improving our understanding of the H molecule in SiC where very little is 
known at present. 
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Summary 
 
In this thesis, bulk and local scale spectroscopic and microscopic tools have been 
applied to investigate the purified raw material of SWCNT and synthesized 
MWBNNT, BN-nanocapsules, B-doped SWCNT and SiC nanostructures. Using bulk 
scale sensitive techniques, including optical absorption spectroscopy, Raman 
spectroscopy, high-resolution electron energy- loss spectroscopy, the average response 
of the whole sample is obtained. On the other hand, on a local scale transmission and 
scanning electron microscopy as well as TEM-electron energy-loss spectroscopy 
provide information on single tubes or other nanostructures. 
First, diverse chemical and oxidation methods for the purification of as-produced 
SWCNT were presented. The raw SWCNT material was treated with HNO3, HCl, 
H2O2, and toluene in order to convert the catalyst particles into solvable salts with 
these metals incorporated (e.g. Co(NO3)2, Ni(NO3)2). In the next step, using cross 
flow filtration, SWCNT were separated from the catalyst particles. Then, HV 
conditions and high temperature were applied to remove fullerenes and solvents (used 
during the filtration process). Purified samples were investigated using TEM and 
OAS. The analysis of the optical absorption spectra in the UV-Vis energy range 
revealed that some of the chemical treatments are harmful to nanotubes.  A successful 
cleaning procedure should reduce the amount of catalyst particles and increased the 
relative concentration of nanotubes. The only chemical treatment, which fulfilled 
these requirements was refluxing in HNO3. In contrast to the chemical treatments an 
oxygen burning procedure was used on the raw material in high vacuum and a 
temperature range 450 –650oC.  The purification processes of SWCNT by HNO3 and 
oxygen burning procedures resulted in SWCNT comprised of selected diameters and 
a reduced diameter distribution. Both HNO3 and oxygen burning treatments can be 
used to selectively remove SWCNT with smaller diameters from the samples. 
In addition, an adapted substitution reaction was used for the synthesis of 
multiwall boron nitride nanotubes. A detailed analysis of their optical and electronic 
properties was carried out. It was shown that the IR-response of MWBNNT can be 
used as a fingerprint to analyse MWBNNT. As in h-BN for the analysis one has to be 
aware of the sample texture and the LO-TO splitting of the IR-active modes. TEM 
images and B1s and N 1s excitation edges of the grown material reveal the presence 
of multiwall BN nanotubes with an inner diameter of 3.1 nm and with a larger 
interplanar distance than in h-BN. The electronic properties of the multiwall BN 
nanotubes as derived from the q-dependent dielectric function ε(ω,q) are dominated 
by the band structure of the hexagonal- like BN sheets, as revealed by the large degree 
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of momentum dispersion observed for the π  and σ+π  plasmons, in agreement with 
that previously reported for different graphitic allotropic forms. We have observed an 
energy reduction of the lowest energy feature in the loss function of the BN nanotubes 
with respect to that reported for bulk h-BN most likely due to the decrease of the band 
gap caused by the curvature of the sheets and the appearance of some sp3 
hybridization. The observed reduction of the band gap agrees reasonably well with 
band structure calculations of BN nanotubes. 
Moreover, a fast and highly efficient synthesis route to produce BN 
nanocapsules with a narrow size distribution was developed. This was achieved by an 
adapted substitution process using SWCNT as templates followed by a rapid cooling 
treatment. The presence of catalyst material in the SWCNT raw material significantly 
enhanced the yield of the BN nanocapsules and hence plays a key role in their 
formation. Regarding their optical properties, BN nanocapsules have an energy gap of 
about 5.3 eV similar to h-BN and MWBNNT. The IR responses reveal the strong 
dipole active fingerprint lines of h-BN with distinct differences, which are due to 
texturing effects and which highlight the BN nanocapsules potential application as a 
reference source when deriving the sp2 to sp3 ratio in BN species due to their random 
orientation  
Furthermore, the idea of substitution was used for the systematic studies of  B-
doped SWCNT. The experiments carried out have resulted in 1, 5, 10, and 15 % 
boron incorporated into the single wall carbon nanotubes. Core level excitation 
spectroscopy of the B1s and C1s edges revealed that the boron atoms substitute 
carbon atoms in the tube lattice keeping an sp2-like bond with their nearest C 
neighbour atoms. The effective charge transfer to the C derived conduction bands is 
about 0.5 holes per substituted B atom. Optical absorption indicates the formation of 
an acceptor- like band in the band structure of the semiconducting tubes. Our results 
show that a simple rigid band model as has been applied previously to intercalated 
SWCNT is not sufficient to explain the changes in the electronic properties of highly 
doped B-SWCNT and a new type of a highly defective BC3 SWNT with new 
electronic properties is obtained. 
Finally, different silicon carbide nanostructures were produced. The spectroscopic 
and microscopic data led to a good understanding of the formation process. NH3 acts 
as a source of hydrogen that plays a key role in the formation of the structures through 
its ability to decompose SiC at high temperature such that along with the stacking 
faults that arise from the many polytypes of SiC the produced SiC nanorods become 
porous then hollow and eventually are completely decomposed. This effect of H on 
SiC at high temperature could be modified for the controlled etching of SiC films in 
micro/nano electronic applications. 
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